Characterization of GeSn Semiconductors for Optoelectronic Devices by Stanchu, Hryhorii
University of Arkansas, Fayetteville 
ScholarWorks@UARK 
Graduate Theses and Dissertations 
5-2021 
Characterization of GeSn Semiconductors for Optoelectronic 
Devices 
Hryhorii Stanchu 
University of Arkansas, Fayetteville 
Follow this and additional works at: https://scholarworks.uark.edu/etd 
 Part of the Electromagnetics and Photonics Commons, Polymer and Organic Materials Commons, 
and the Semiconductor and Optical Materials Commons 
Citation 
Stanchu, H. (2021). Characterization of GeSn Semiconductors for Optoelectronic Devices. Graduate 
Theses and Dissertations Retrieved from https://scholarworks.uark.edu/etd/3987 
This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for 
inclusion in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more 
information, please contact scholar@uark.edu. 
 







A dissertation submitted in partial fulfillment 
of the requirements for the degree of 








Chernivtsi National University 
Bachelor of Science in Physics, 2011 
Chernivtsi National University 



















Gregory J. Salamo, Ph.D.  





Shui-Qing Yu, Ph.D.  Huaxiang Fu, Ph.D. 





Min Zou, Ph.D.  Rick Wise, Ph.D. 
Committee Member  Ex-Officio Member 
 
 
The following signatories attest that all software used in this dissertation was legally licensed for 
use by Hryhorii Stanchu for research purposes and publication. 
 
 
__________________________________    __________________________________ 
Mr. Hryhorii Stanchu, Student  Dr. Gregory Salamo, Dissertation Director 
 
This dissertation was submitted to http://www.turnitin.com for plagiarism review by the TurnItIn 
company’s software. The signatories have examined the report on this dissertation that was 
returned by TurnItIn and attest that, in their opinion, the items highlighted by the software are 
incidental to common usage and are not plagiarized material. 
 
 
__________________________________    __________________________________ 





Germanium-tin alloys with Sn compositions higher than 8 at. % to 10 at. % have recently 
attracted significant interest as a group IV semiconductor that is ideal for active photonics on a Si 
substrate.  The interest is due to the fact that while at a few percent of Sn, GeSn is an indirect 
bandgap semiconductor, at about 8 to 10 at. % Sn, GeSn transitions to a direct bandgap 
semiconductor.  This is at first surprising since the solid solubility of Sn in Ge under equilibrium 
growth conditions is limited to only about 1 at. %.  However, under non-equilibrium growth 
conditions, Sn concentrations in GeSn of more than 20 at. % are reported.  At these high 
concentrations several problems arise due to severe lattice mismatch and chemistry that can have 
serious impact on the optical quality and stability of GeSn optical devices.  As a result, it is 
important to understand and perhaps control the growth of GeSn semiconductors containing such 
high Sn concentrations.  This requires an investigation of the measurement, interplay, and role of 
composition, strain, defects, structure, segregation, and precipitation in GeSn/Ge/Si(001) 
heterostructures and is the subject of this dissertation. 
More specifically, in this study, the experimental and theoretical x-ray diffraction 
analysis is shown as a reliable technique for non-destructive and precise characterization of 
composition, strain, defects, structure, segregation, and precipitation in GeSn.  As a result, under 
an annealing treatment of GeSn/Ge/Si(001) heterostructures, the interplay of these properties was 
correlated with the stability and optical quality.  For example, the density of misfit dislocations 
of ~2 × 105 cm-1 in the as-grown GeSn layers was shown to be correlated to the onset of Sn 
segregation.  These results provide insight that can be used for the growth of metastable GeSn 
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Silicon (Si), and to a lesser extent germanium (Ge), are the central semiconductors for 
electronics today.  Yet, modern photonic devices are based on a variety of different compound 
semiconductors, each of which is chosen to provide the ultimate performance for specific 
applications [1].  Thus, the discrete devices are manufactured by utilizing different fabrication 
facilities, which makes their integration with the established silicon platform technologically 
difficult [2], [3].  For example, heterogeneous packaging typically leads to a lower level of 
device performance as well as an elevated final cost per device.  In this respect, germanium-tin 
(GeSn) alloy semiconductors have attracted considerable attention over the recent years as 
prospective materials for CMOS (complementary metal-oxide-semiconductor) compatible group 
IV photonic and electronic devices for monolithic integration on Si substrate.  In particular, the 
tunable bandgap of GeSn is of much interest in applications within the near- and mid-infrared 
wavelength range.  On top of that, GeSn is considered as an attractive channel material for field-
effect transistors due to the potential of increasing the electron and hole mobilities in Ge by 
strain management and by alloying with Sn [4]. 
The poor light-emitting in Ge and Si is due to their indirect bandgap nature [5]–[7].  For 
example, the electronic band structure of bulk Si, Ge, and α-Sn are compared in Figure 1.1 [8].  
Here it can be seen that the conduction bandgap minima are seen at the X and L points of the 
Brillouin zone for Si and Ge, respectively.  Because of the slight overlapping of the conduction 
and valence bands at the Г point, α-Sn is considered a negative direct bandgap material.  
Moreover, while Si is a strongly indirect bandgap semiconductor, the Γ valley in Ge is only 
2 
~0.14 eV above the minimum in the L valley. 
 
 
Figure 1.1.  Electronic band structure of group IV semiconductors Si, Ge, and α-Sn [8]. 
 
The processes of luminescence emission from the semiconductors with direct and indirect 
bandgaps are shown in Figure 1.2.  For a direct bandgap semiconductor in Figure 1.2a, electrons 
in the conduction band and holes in the valence can be found occupying states with the same k in 
the momentum space.  The radiative electron-hole recombination does not require momentum 
change, as is illustrated with a downward pointing arrow.  Typically, the radiative lifetime is of 
the order of 10-9 s [9].  For an indirect bandgap semiconductor in Figure 1.2b, the conduction 
band minimum and the valence band maximum appear at different crystal momentum k, so that 
the excited electrons and holes in the conduction and valence bands, respectively, have different 
momentum.  Since the photon momentum is negligibly small as compared to that of an electron, 
the photon emission would not compensate for the momentum mismatch of an electron-hole pair, 
3 
thus, prohibiting their radiative recombination.  Accordingly, in an indirect bandgap 
semiconductor, recombination of an electron-hole pair involves emission or absorption of a 
phonon, as illustrated with a leftward pointing arrow in Figure 1.2b [9], [10].  In this case, 
radiative recombination is a second-order process with an overall lifetime of the order of 
milliseconds.  Practically, this reduces the radiative recombination rate, so that other non-
radiative processes such as energy transfer to impurities or defects may dominate. 
 
 
Figure 1.2.  Schematic illustration of the band structure and the luminescence process for a direct 
(a) and indirect (b) bandgap semiconductor in energy-momentum (E-k) space.  The filled and 
empty circles denote the excited electrons and holes in the conduction and valence band, 
respectively.  Eg is the bandgap energy. 
 
Due to the small L-Г energy separation in Ge, an indirect-to-direct crossover can be 
achieved under specific conditions [11], [12].  In particular, the bandgap energy is commonly 
reduced by using heavy n-type doping and/or biaxial tensile strain [13].  Specifically, since the 
bandgap in semiconductors is dependent on the lattice parameter, the introduction of tensile 
strain expectedly narrows the energy gap [2].  Moreover, the applied tensile strain also shrinks 
the energy separation between the L and Г valley, which is in agreement with the larger value of 
4 
the deformation potential constant of the conduction band in Ge at the Γ point (𝑎Γ = -8.24 eV) as 
opposed to that at the L point (𝑎𝐿 = -1.54 eV) [14].  The magnitude of tensile strain that permits 
to level the Г and L valleys is shown to be of the order of ~2% [4], [15], which practically is 
difficult to achieve due to the early plastic strain relaxation with increasing film thickness.  
Accordingly, this imposes a design limit for the Ge-based devices. 
For moderate tensile strain, the donor concentrations of the order 1018 - 1020 cm-3 are 
employed to raise the position of the Fermi level, which allows filling with electrons at the 
higher energy levels in the conduction band [16].  Subsequently, for not very large L-Γ 
separation, more electrons are allowed to populate the Γ valley, which in turn contributes to 
stronger direct bandgap radiative emission.  Nonetheless, a disadvantage of heavy doping for 
light-emitting devices is related to the incorporation of large densities of impurities and 
crystalline defects, which generally leads to an increased recombination rate via nonradiative 
processes [17]. 
Another major limitation of the Ge-based devices is related to the narrow operating 
wavelength region that is restricted by the tunability of the direct bandgap within the 1.3-1.6 μm 
range [18], [19].  The device responsivity is drastically reduced at larger wavelengths at which 
indirect bandgap absorption/emission is dominating.  In contrast, the compounds of group III-V 
(such as GaAs, InAs, etc.) and their alloys (such as InGaAs, InGaAsP, etc.) are the most mature 
direct bandgap material systems, which among others provide a better wavelength tunability by 
engineering the alloy composition [20] (Figure 1.3).  However, the III-V system suffers from a 
higher substrate cost, while the heterogeneous integration of III-V devices on Si is complex due 
to the large lattice mismatch of the lattice parameters and the coefficients of thermal expansion.  
Additionally, the growth of polar III-V materials on non-polar Si or Ge often is accompanied by 
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the formation of antiphase domains (APD), which are known as charged defects [21].  Moreover, 
during the conventional device processing, the group III-V atoms may diffuse into the Si 
substrate, where these are acting as acceptor/donor species. 
 
 
Figure 1.3.  The bandgap energy as a function of lattice parameter for group III-V compounds 
and their alloys (solid lines) in comparison with group IV elements Si, Ge, and Sn [22].  Inset 
shows a schematic of the APD in the GaAs lattice grown on Si substrate. 
 
Therefore, alloying Sn into Ge emerged as the most promising approach for achieving the 
indirect-to-direct bandgap transition in Ge, which also aids to extend the infrared windows far 
above 1.6 μm.  For instance, the Sn concentration for an indirect-to-direct bandgap transition for 
unstrained GeSn is as low as 6% [23], which corresponds to the weighted sum of the bandgap 
6 
values of Ge and α-Sn at the Г point (Table 1.1).  The Sn molar fraction required for the direct 
transition increases with the compressive strain and is reported to be about 8-10% [24]. 
 
Table 1.1.  Direct and indirect bandgaps for Ge, Sn, and Si [4], [25]. 
Material Г (eV) L (eV) 
Ge 0.90 0.76 
α-Sn -0.42 0.14 
Si 3.40 1.10 
 
From the point of view of material growth, the preparation of high-quality GeSn alloys is 
subjected to several challenges.  In particular, the semiconducting diamond cubic α-Sn phase is 
stable for temperatures below 13.2 °C.  Therefore, an allotropic phase transition to the metallic 
β-Sn (tetragonal crystal structure) is likely to occur at higher temperatures [26], [27].  Moreover, 
the experimental and theoretical investigations of the Ge-Sn equilibrium system revealed a large 
miscibility gap [28], [29]. 
The temperature/composition equilibrium phase diagram of the binary Ge-Sn system can 
be seen in Figure 1.4.  In particular, the diagram shows the phases that are in equilibrium at 
specific temperatures and compositions.  As can be seen, the GeSn solid solutions are stable for 
Sn compositions below 1.1 at. % or above 99.4 at. %.  The solid solubility is limited due to the 
different crystal structures of Ge (diamond cubic) and β-Sn (tetragonal) as well as the difference 
between the atomic radius of the two elements.  The Sn composition lower than 1.1 at. % is far 
below the required Sn content of a direct bandgap GeSn alloy, while the miscibility gap sets a 
limit for alloy engineering. 
Additionally, the Ge-Sn system shows a low eutectic temperature (231.1 °C).  Moreover, 
this temperature is close to the melting point of Sn (232 °C), which in practice suggests unstable 
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thermal properties for the GeSn solid solutions.  Therefore, this set a limitation for the growth 
and material processing temperatures [30]. 
 
 
Figure 1.4.  Equilibrium phase diagram of the binary Ge-Sn system (a) [28], [30].  (b) and (c) 
show enlarged views of the phase diagram near the Ge-rich and Sn-rich sides. αʹ and βʹ denote 
the stable Ge1-xSnx solid phases; L stands for the liquid phase. 
 
Germanium-tin alloys with high Sn content are typically grown under non-equilibrium 
conditions, such as by molecular beam epitaxy (MBE) and chemical vapor deposition (CVD) 
[31], [32].  Moreover, since GeSn alloys are prone to segregation and Sn precipitation, the 
growth is restricted to relatively low temperatures.  However, it is well recognized that due to the 
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large difference of atomic radius between Sn and Ge, inclusion of Sn atoms into Ge matrix is 
significantly suppressed even at non-equilibrium growth conditions [33].  At relatively high 
growth temperatures, Sn atoms tend to segregate on the sample surface or within the layer 
volume forming Sn-rich precipitates [34].  Also, the mismatch between the crystal lattice of Sn, 
Ge, and Si is extremely high [35].  The increase of epitaxial layer thickness gives rise to a high 
density of structural defects.  Therefore, a chemically stable GeSn alloy with high Sn 
composition is difficult to achieve. 
Even though, the landscape of Group IV photonics includes waveguides, modulators, 
photodetectors, as well as laser sources [36].  Among the recently demonstrated GeSn-based 
photonic devices are GeSn p-i-n near-infrared photodetectors [37], short-wave infrared 
GeSn/SiGeSn multi-quantum-well (MQW) light-emitting diodes (LEDs) [38], infrared GeSn/Ge 
p-n heterojunction diodes [39], high-speed optical modulators, high-efficiency solar cells [40], 
and the first demonstration of optically pumped lasing at low temperatures using direct bandgap 
GeSn alloys [36]. 
 
1.2 Crystal structure 
 
The atomic arrangement in a crystal is determined by the valence electron configuration 
of constituent atoms.  Group IV elements Si, Ge, and Sn are known as tetrahedral solids since 
their four valence electrons participate in electron sharing with four adjacent atoms, which 
results in four covalent bonds that form a tetrahedron shape around the central atom [41].  The 
schematic illustration of the electron pairs sharing for the group IV elements can be seen in 
Figure 1.5.  The strength of the covalent structure generally decreases down the column of group 
IV due to the increasing atomic radius and thus, the reducing interatomic potential.  For example, 
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the reported values for the bond energy of Si, Ge, and Sn are -13.306, -12.273, and -9.322 eV 
respectively [42]. 
 
Figure 1.5.  The Lewis dot structure (a) and the stick and ball model (b) showing the valence 
electron configuration and the covalent bonding in solids of group IV (the atomic radius and the 
bond length are shown not to scale). 
 
The tetrahedral arrangement of the group IV atoms in a solid is the foundation of the 
diamond crystal structure.  The unit cell of the diamond lattice is described by two basis atoms 
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each defining the basis of two interpenetrating face-centered cubic (fcc) Bravais lattices 
displaced along the body diagonal by a quarter of length [43], [44] (Figure 1.6a).  In fractions of 









], respectively.  For the alloys 
of group IV (e.g. GeSn, SiGe), the two fcc contain more than one sort of atoms and thus, the 
structure is called zinc blende.  The eight lattice points that make the diamond and zinc-blende 























































].  For instance, Figure 1.6b shows the 
top view on the (001) plane.  Here, the fractions above the lattice points denote their height in 
terms of unit cell dimensions.  The volume of the unit cell increases from Si to Ge to α-Sn due to 
the increasing atomic radius, 𝑅.  The lattice constants, 𝑎, and the atomic radii for Si, Ge, and α-
Sn are compared in Table 1.2. 
 
Table 1.2.  The lattice parameter and atomic radius for Si, Ge, and α-Sn [46]. 
Material Lattice constant (nm) Atomic radius (nm) 
α-Sn 0.6489 0.145 
Ge 0.5658 0.125 
Si 0.5431 0.111 
 
The principal directions in the cubic lattice are shown in Figure 1.6c.  The two atoms are 
most closely separated along the ⟨110⟩ direction, which is given by the lattice vector 𝑎/2⟨110⟩.  
Atoms in the {111} planes are the most close-packed, with a six-fold stacking sequence AaBbCc 
as shown in Figure 1.6d, where atoms of adjacent layers such as Aa, Bb, and Cc are located 
directly over each other [47]. 
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Figure 1.6.  (a) Schematic illustration of the cubic unit cell.  The atoms in the lattice are shown as 
spheres, and the relative dimensions of the cube edge and sphere radius are shown as a 2:1 
proportion.  (b) Projection on the (001) plane with the fractions denoting the height of the atoms 
above the base [44], [47]. 
 
1.3 Lattice parameter of the GeSn alloy 
 
The substitution of Sn atoms with the larger atomic radius (Table 1.2) into the Ge lattice 
results in a sufficient increase of the unit cell volume.  The equilibrium lattice parameter, 𝑎0, for 
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a binary Ge1-xSnx compound is a function of Sn content, 𝑥.  The value of 𝑎0 can be simply 
estimated as a linear interpolation (Vegard’s law) between the Ge and α-Sn bulk lattice constants 
with the bowing parameter correction as follows [48], 
 𝑎0 = 𝑎𝑆𝑛𝑥 + 𝑎𝐺𝑒(1 − 𝑥) + 𝑏𝑥(1 − 𝑥) (Equation 1.1) 
where 𝑎𝑆𝑛 and 𝑎𝐺𝑒 are the bulk lattice constants of α-Sn and Ge, respectively, and 𝑏 is the 
bowing parameter that accounts for the deviation from linearity.  The magnitude and sign of the 
bowing parameter for an alloy are commonly correlated with the atomic radius mismatch and the 
electronegativity of the constituent atoms [49].  The reported values of 𝑏 for GeSn alloys 
fluctuate in a wide range from 0.0041 to 0.065 nm [50].  The disagreement is often attributed to 
an erroneous evaluation of strain and composition in the GeSn layers.  The recent theoretical 
estimation of the bowing parameter demonstrated that the magnitude of 𝑏 for GeSn alloys can be 
as low as 0.0048 nm [49], which was later supported by experimental measurements (𝑏 = 0.0041 
nm) [50]. 
The evolution of the equilibrium lattice parameter of a GeSn alloy versus Sn composition 
is compared in Figure 1.7a for several values of 𝑏.  The departure of 𝑎0 from the linear 
relationship expectedly increases with the Sn composition, reaching the highest deviation at 𝑥 = 
50 at. %.  Figure 1.7b illustrates a negligible deviation ∆𝑎0 = 𝑎0
𝑏 − 𝑎0
𝑏=0 from Vegard’s law   
(10-3 - 10-4 nm) when the Sn content is below 20 at. %, which can be considered as an upper limit 
for Ge1-xSnx/Ge/Si epitaxy.  Additionally, the value of ∆𝑎0 is comparable with the accuracy (10
-4 
- 10-5 nm) of the lattice parameter determination when using the laboratory x-ray diffraction 
instrument.  Therefore, the bowing parameter in Equation 1.1 has only a minor contribution to 
the determination of strain and composition in the GeSn/Ge epitaxial layers and, therefore, the 
bowing correction to Vegard’s law is often omitted. 
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Figure 1.7.  (a) The evolution of the equilibrium lattice parameter for a GeSn alloy as a function 
of Sn content calculated using different values of the bowing parameter.  (b) The deviation of the 
equilibrium lattice parameter of GeSn from the linear relationship due to the bowing correction. 
 
1.4 Lattice mismatch and critical thickness 
 
Epitaxial growth of thin-film semiconductors on dissimilar substrates is an important 
technique that allows a combination of different materials for engineering their optical and 
electronic properties [51].  For instance, the energy gap of a semiconductor can be modified by 
the control of film thickness, strain, and alloy composition, which is permitted by advanced 
growth techniques such as MBE and CVD. 
For materials with similar crystal structures, the lattice mismatch is the major source of 
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crystalline defects as well as the reason for epitaxial growth failure.  The concept of a 
mismatched film-substrate heterosystem is illustrated in Figure 1.8.  To begin with, Figure 1.8a 
compares the crystal lattices of a thin film with that of an infinitely thick substrate in the bulk 
state.  The lattice parameters of the film and substrates are denoted by 𝑎0 and 𝑎𝑠, respectively, 
and so that 𝑎0 > 𝑎𝑠.  Provided that the lattice mismatch is not very high and the thickness of the 
epitaxial film is much smaller as compared with the substrate thickness, the epitaxial film can 
undergo elastic deformation at the initial stage of growth to fit with the lattice parameter of the 
rigid substrate in the plane of the interface, as shown in Figure 1.8b. 
 
 
Figure 1.8.  Schematic illustration of the crystal lattice of bulk (a), strained (b), and plastically 
relaxed (c) epitaxial film. 
 
As the film thickness increases during the growth, the elastic energy of deformation, 𝐸𝑓, 





ℎ𝑓2 (Equation 1.2) 
where 𝜇 is the shear modulus, 𝜈 is the Poisson’s ratio, ℎ is the film thickness, and 𝑓 =
100% × (𝑎0 − 𝑎𝑠)/𝑎𝑠 is the lattice mismatch.  A transition to the relaxed film configuration is 
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initiated at the critical thickness, ℎ𝑐, at which the nucleation of misfit dislocations (MDs) is 
favorable.  Upon further growth, the multiplication of MDs gradually reduces the mismatch 
strain and thus, minimizes the elastic strain energy 𝐸𝑓.  Accordingly, the lattice parameter of the 
epitaxial film relaxes toward the bulk value as schematically shown in Figure 1.8c. 
The critical thickness of epitaxial films on mismatched substrates was previously 
calculated using different approaches [53]–[57], among which the force and energy balance 
considerations proposed by Matthews and Blakeslee (M-B) [56] and People and Bean (P-B) [57], 
respectively, are the most routinely used.  The two approaches are presented herein for the sake 
of completeness. 
The M-B model implies a mismatched film-substrate heterostructure with pre-existing 
threading dislocations (TDs) propagating from the substrate.  Consequently, the critical thickness 
of the epitaxial film is evaluated by considering the movement of the TDs under the force of 





𝑏ℎ𝜀 cos 𝜆 (Equation 1.3) 
where 𝑏 is the magnitude of the Burgers vector, 𝜀 is the in-plane strain, and 𝜆 is the angle 
between the slip direction and the direction in the film plane which is perpendicular to the 
line of intersection of the slip plane and the interface [56].  The self-energy of MDs produces a 





((1 − 𝜈 cos2 𝛽) (ln
ℎ
𝑏
+ 1)) (Equation 1.4) 
where 𝛽 is the angle between the Burgers vector and the dislocation line. 
The propagation of TDs requires that 𝐹𝜀 > 𝐹𝑑.  The critical thickness (ℎ𝑐
𝑀−𝐵) that 
corresponds to the formation of MDs is then derived considering the force balance 𝐹𝜀 = 𝐹𝑑, and 
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𝑏(1 − 𝜈 cos2 𝛽)





+ 1) (Equation 1.5) 
The schematic illustration of the model of Matthews and Blakeslee is shown in Figure 
1.9, where the pre-existing TDs are shown to thread from the substrate through the epitaxial film 
in the presence of the mismatch strain force, 𝐹𝜀.  Under the large 𝐹𝜀, the TDs are forced to 
propagate through the layer by bowing.  Simultaneously, this leaves misfit segments along the 
layer-substrate interface that aid to reduce the magnitude of 𝐹𝜀 by destroying the lattice 
coherence between the film and the substrate. 
 
 
Figure 1.9.  Schematic illustration of the forces acting on threading dislocations in a 
pseudomorphic (1) and relaxed (2) film on a lattice-mismatched substrate. 
 
It is well recognized, however, that the measured critical thickness is often larger than the 
predictions made within the M-B model.  An explanation of this can be attributed to a low 
number of TDs when the substrate is of high crystalline quality.  On the contrary, the generation 
of strain relieving interfacial MDs within the model proposed by People and Bean [57] does not 
imply the existence of grown-in TDs but is determined solely by the energy balance.  Herein, a 
misfit dislocation is generated when the magnitude of strain energy, 𝐸𝑓, in Equation 1.2 is larger 









 (Equation 1.6) 
The critical thickness, therefore, is derived considering the energy balance 𝐸𝑓 = 𝐸𝑑, and is given 
















 (Equation 1.7) 
Finally, understanding the strain relaxation processes in GeSn layers on Si and Ge 




Chapter 2: Experimental and theoretical methods 
 
2.1 X-ray diffraction 
 
The x-ray diffraction (XRD) experiment was carried out by using the Panalytical X’Pert 
Pro MRD diffractometer.  The diffractometer is equipped with a fixed 1.6 kW x-ray tube with Cu 
anode that produces monochromatic Cu Kα1 radiation with the wavelength λ = 1.5406 Å.  The 
monochromatization of the x-ray beam was achieved with the four-bounce Ge (220) 
monochromator and three bounce (022) channel-cut Ge analyzer.  The scattered X-rays are 
recorded with a Pixel detector.  The experimental arrangement of the key components of the 
diffractometer is illustrated in Figure 2.1. 
 
 
Figure 2.1.  The key components of the diffractometer.  ω is the incident beam angle with respect 
to the sample stage, and 2θ is the scattering angle. 
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2.1.1 X-ray diffraction ω/2θ scan 
 
The ω/2θ scan (radial scan) is performed by simultaneously changing the incident beam 
angle, ω, and the scattering angle, 2θ, so that the change of the detector is rotated with a step size 
Δ(2θ) that corresponds to twice the step size over the ω axis (Figure 2.2a).  A radial scan only 
varies the length of the scattering vector, Q, while not changing its direction (Figure 2.2b).  
Therefore, this type of x-ray diffraction measurement is sensitive to the variations of the lattice 
spacing and is typically executed to determine the strain state, chemical composition, crystalline 
phases, and epitaxial layer thickness [58].  The scattering geometry for ω/2θ scanning is shown 
in Figure 2.2. 
 
 
Figure 2.2.  The scattering geometry for an ω/2θ scan for the case of symmetrical (a) and 
asymmetrical (b) reflection. 
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2.1.2 X-ray diffraction ω and ϕ scans 
 
The ω scan (or rocking curve) is performed by rocking the sample around the ω axis, 
while the detector remains at a fixed position so that the magnitude of vector, Q, is fixed.  In 
reciprocal space, the ω scan corresponds to the rotation of the scattering vector that is centered at 
the origin.  Accordingly, the ω spectra are sensitive to lattice inclination, which often reflect the 
density of defects. 
By performing a ϕ scan, the sample stage is rotated around the ϕ axis, while the ω and 2θ 
angles are kept fixed. The scattering geometry for ω and ϕ scanning is shown in Figure 2.3. 
 
 
Figure 2.3.  The scattering geometry for an ω (a) and ϕ scan (b). 
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2.1.3 Reciprocal space mapping 
 
A reciprocal space map (RSM) is an important type of scan that allows an exploration of 
a two-dimensional region of the reciprocal space.  Accordingly, the RSM of an asymmetrical 
reflection reveals the lateral and vertical lattice parameters for an epitaxial layer and substrate 
simultaneously.  The RSM measurement can be carried out by a combination of ω (rocking 
curve) and ω/2θ scans.  For example, an ω scan is performed by rocking the sample about the ω 
axis over a broad angular range, while the detector remains in a static position [58].  Afterward, 
the length of the scattering vector, Q, is changed by altering the detector rotation angle 2θ (ω/2θ 
scan), and the ω scan is repeated.  The schematic of the scattering geometry for an RSM is 
shown in Figure 2.4. 
 
 
Figure 2.4.  The scattering geometry for an RSM measurement across an asymmetrical hkl 
reflection. 
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2.1.3 X-ray diffuse scattering simulations 
 
The RSM of an asymmetrical reflection contains a wealth of information about the defect 
configuration of an epitaxial layer, which allows the determination of the densities of defects in 
addition to the strain and elemental composition distribution.  For a GeSn/Ge heterosystem, the 
GeSn layer is grown under compressive strain due to the 15% lattice mismatch between α-Sn and 
Ge.  This compressive strain is relieved upon the critical thickness for strain relaxation, which is 
accompanied by an increasing density of misfit and threading dislocations.  For example, the 
schematic illustration of an epitaxial layer of a diamond-like crystal with several MDs and TDs 
is shown in Figure 2.5.  The displacement fields that arise around such defects significantly alter 
the distribution of scattered intensity, as compared with the scattering from an ideal crystal [59]. 
 
 
Figure 2.5.  The unit cell of a diamond-like crystal (a) and the schematic illustration of the (111) 
plane for an epitaxial heterostructure containing dislocation loops (b). 
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The x-ray scattering intensity for a strongly dislocated crystal is usually calculated within 
the framework of kinematic theory for x-ray scattering.  Typically it is assumed that MDs are 
stronger defects than the TDs, and the latter are omitted in the calculations [60].  The expression 
for the scattering intensity from an epitaxial layer with a grid of MDs located at the layer-
substrate interface is given in the limit of a high density of MDs as follows [61], 
 









−1(𝒒 − 𝒒𝟎)𝑖(𝒒 − 𝒒𝟎)𝑗) (Equation 2.1) 
where ℎ is the epitaxial layer thickness, 𝒒 = 𝑸 − 𝑸𝟎 is the deviation of the scattering vector 𝑸 
from the reciprocal lattice vector 𝑸𝟎, ?̂? is a symmetrical matrix composed of 𝑤𝑖𝑗 elements with 
𝑖, 𝑗 = 𝑥, 𝑧.  The 𝑞0𝑥 and 𝑞0𝑧 are the shifts of the diffraction peaks due to MDs, and are given by, 






𝑐 (Equation 2.3) 





𝑄0𝑧𝑓(𝑧) is the shift of the diffraction peak related with alloy composition, and 
𝑓(𝑧) is the lattice mismatch.  The expressions for 𝑤𝑖𝑗 determine the shape of diffuse scattering in 







































 (Equation 2.6) 
where 𝜌 is the density of MDs, 𝑢𝑖,𝑗 = 𝜕𝑢𝑖/𝜕𝑥𝑗 , and 𝑢 are displacements due to MDs lying 
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parallel to the surface and their expressions are given in Appendix B of Ref. [61]. 
 
 
Figure 2.6.  The geometry of a 60° misfit dislocation in a diamond-like crystal lattice. 
 
The theory of X-ray diffuse scattering for a multilayer heterosystem was extended by 
Kopp et al. [62].  It implies that in a multilayer heterosystem the MDs are located at multiple 
interfaces.  Accordingly, the contribution from MDs at each interface is considered in the 
expressions for 𝑞 and 𝑤 by the introduction of a Heaviside function, 𝐻, as follows, 
 𝑞0𝑥(𝑧) = 𝑄𝑥𝑏𝑥∑𝜌𝑘𝐻(𝑑𝑘 − 𝑧)
𝑘





𝑄𝑧𝑏𝑥∑𝜌𝑘𝐻(𝑑𝑘 − 𝑧) + 𝑞𝑘𝑧
𝑐
𝑘
 (Equation 2.8) 
 𝑤𝑖𝑗(𝑧) =∑[𝑤𝑖𝑗
𝑘(𝑧)𝐻(𝑑𝑗 − 𝑧) + ?̃?𝑖𝑗
𝑘 (𝑧)𝐻(𝑧 − 𝑑𝑘)]
𝑘
 (Equation 2.9) 
where 𝑘 is the number of interfaces, 𝑑𝑘 is the thickness of the 𝑘th layer, 𝜌𝑘 is the density of MDs 
at the 𝑘th interface.  The expressions for 𝑤𝑖𝑗
𝑘(𝑧) and ?̃?𝑖𝑗
𝑘(𝑧) correspond to the layers above and 
below the 𝑘th interface. 
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2.2 Micro-Raman spectroscopy 
 
The micro-Raman experiment was caried out at room temperature under backscattering 
configuration with the incident and scattered beams normal to the sample surface.  The micro-
Raman spectra were excited with a 632.8 nm He-Ne laser and an output power of 5 mW.  The 
diameter of the laser spot was focused down to 1 µm using Olympus BX41 (AmScope, Irvine, 
CA) microscope equipped with an objective lens with 100x magnification.  The Raman scattered 
light from the sample surface was dispersed by a dispersion grating with 1800 grooves/mm.  
Then the light was focused on a 0.75 m long spectrometer Horiba Jobin-Yvon LabRam HR800 
(Horiba, United Kingdom) and detected with a thermoelectrically cooled Si charge-coupled 
device (CCD) camera.  A notch filter was inserted to remove the elastically scattered laser light.  
The software Horiba LabSpec was used for data collection, where the signal was acquired five 
times before averaging.  An exposition of 100 seconds was employed in each cycle.  The spectra 
were acquired from seven different locations on the sample surface. 
 
 
Figure 2.7.  The key components of the micro-Raman setup. 
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2.3 Atomic force microscopy 
 
Atomic force microscopy (AFM) is a characterization technique that is routinely used for 
topographical studies of the sample surface at the nanoscale.  The AFM depends on the forces 
between the sample surface and the probing tip that is attached to a cantilever.  The cantilever 
bends during the image acquisition due to an interacting force between the tip and surface, which 
is detected by a laser diode and a photodetector.  A schematic illustration of the AFM assembly 
is shown in Figure 2.8. 
In this work, the AFM measurements were carried out using the NanoScope IIIa 
Dimension 3000 scanning probe microscope (Bruker, former Digital Instruments, Billerica, MA) 
in tapping mode.  The sample surface was probed with a silicon cantilever with a tip diameter of 
about 10 nm.  For all samples, the AFM measurements were taken over the areas of 10 × 10 
microns, with 512 measurements along each direction. 
 
 
Figure 2.8.  The photograph and schematic of the AFM assembly. 
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2.4 Scanning electron microscopy and energy dispersive x-ray analysis 
 
Scanning electron microscopy (SEM) was performed using the FEI Nova Nanolab 200 
SEM (FEI, Hillsboro, Oregon) for surface characterization.  An XFlash 5010 detector (Bruker, 
Germany) was attached to the SEM for the energy-dispersive x-ray spectroscopy (EDX) 
analysis.  In this work, EDX was used for the elemental mapping of the sample surface. 
The basic principle of EDX is shown in Figure 2.9.  The EDX is based on the analytical 
analysis of the x-ray emission that is related to electron transitions to the core levels.  The core-
level electrons are displaced from their shells after bombarding the sample surface with high 
energy electrons.  Thereafter, the holes on the K shells are filled with the electrons from the 
higher levels.  This electron transition is accompanied by the emission of characteristic x-rays 
(e.g., Kα and Kβ). 
 
 
Figure 2.9.  Energy-dispersive x-ray spectroscopy. 
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2.5 Photoluminescence spectroscopy 
 
The photoluminescence (PL) measurements were conducted in a standardized off-axis PL 
arrangement enabled by a lock-in technique (chopped optically at 400 Hz).  The PL spectra were 
recorded with a spectrometer connected to an InSb detector with a cut-off response of 3.0 µm.  
Two excitation laser beams with different penetration depth and laser emission at 532 nm 
continuous wave and a 1064 nm pulsed laser were used.  For 532 nm laser excitation, the spot 
diameter and the average power were 64 μm and 500 mW, respectively.  For 1064 nm laser 
excitation, the spot diameter and the average power were 51 μm and 300 mW, respectively. 
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Epitaxial growth of Ge1-xSnx layers on Ge is affected by the built-in compressive strain 
that is the result of large mismatch (15%) between the crystal lattice of Ge and α-Sn.  
Accordingly, the magnitude of strain in a Ge1-xSnx layer is a function of Sn composition and, 
thus, increases with the Sn content.  The compressive strain relief during the growth favors an 
enhanced Sn incorporation into the Ge1-xSnx lattice, which was previously reported for the CVD 
growth of GeSn/Ge/Si(001) heterosystems [33], [63].  In particular, the spontaneous Sn 
enrichment is proven as a technique for growing Sn-rich Ge1-xSnx layers [33].  At the same time, 
the variation of the lattice spacing due to the changes of strain and Sn content has a significant 
impact on the material band structure and, as a result, on its optical and electronic properties.  
For example, the transition between direct and indirect bandgap GeSn semiconductors can be 
controlled by tailoring both the Sn composition and the strain state.  Consequently, the 
quantification of the strain relief and Sn incorporation is important for the design and growth of 
GeSn for optoelectronic devices. 
 
3.2 Samples description 
 
All samples were grown on Si(001) substrates by CVD using an ASM Epsilon 2000 Plus 
reduced pressure system (ASM, Phoenix, AZ).  Initially, the Si substrate was covered with a 700 
nm thick Ge buffer layer, which was grown in two steps at 375 °C and 600 °C.  Subsequently, 
the Ge buffer was annealed at 800 °C, which was followed by the GeSn growth at ~300 °C.  Tin 
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and Ge species were delivered by SnCl4 and GeH4 precursors.  Different thicknesses of the GeSn 
layers, such as 130 nm for sample S1, 750 nm for S2, and 1100 nm for S3, were achieved by 
varying the deposition time.  The SnCl4/GeH4 molar flow fraction was kept constant for all 
samples to achieve GeSn layers with Sn composition of about 6.6 at. %.  The GeSn layers of 
samples S2 and S3 were covered with a thin (10 nm) Ge layer.  The SnCl4/GeH4 molar flow 
fraction, the growth temperature, and the deposition time for samples S4-S10 were varied to tune 
the Sn content from 4 to 15 at. % and the GeSn layer thickness.  The schematic illustration of the 
sample structure is shown in Figure 3.1 for sample S1. 
 
 
Figure 3.1.  Schematic illustration of the sample structure. 
 
3.3 Biaxial strain relationships 
 
High-resolution XRD is routinely used for non-destructive analysis of strain state and 
elemental composition in epitaxial thin films.  In particular, the conventional ω/2θ scans and 
RSMs are employed to measure the spacing, 𝑑ℎ𝑘𝑙, between the planes with Miller indices ℎ, 𝑘, 
and 𝑙.  For a tetragonal lattice, 𝑑ℎ𝑘𝑙 is related with the lateral, 𝑎∥, and vertical, 𝑎⊥, lattice 
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2  (Equation 3.1) 
The magnitude of the lattice parameter 𝑎⊥ is typically estimated from the peak positions 
on the measured XRD spectrum across the symmetrical 004 reflection (ℎ = 𝑘 = 0) by using 
Bragg’s law, 
 2𝑑ℎ𝑘𝑙 sin 𝜃0 = 𝑛𝜆 (Equation 3.2) 
where 𝜃0 is the Bragg angle, 𝜆 is the wavelength of the incident x-ray beam, and 𝑛 is the 
reflection order.  The lateral lattice parameter is determined thereafter from the RSM of an 




















 (Equation 3.5) 
are components of the scattering vector, 𝑸𝒉𝒌𝒍, of a tetragonal lattice.  The reciprocal space 
coordinates 𝑄∥ and 𝑄⊥ are related to the incident angle, 𝜔, and scattering angle, 2𝜃, by the 











{sin𝜔 + sin(2𝜃 − 𝜔)} (Equation 3.7) 
In the general form, the stress, 𝜎𝑖𝑗, and strain, 𝜀𝑘𝑙, components are related by the elastic 
stiffness constants, 𝐶𝑖𝑗𝑘𝑙 [65], 
 𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 × 𝜀𝑘𝑙 (Equation 3.8) 







𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶11 𝐶12 0 0 0
𝐶12 𝐶12 𝐶11 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0




 (Equation 3.9) 
The relationship between the strain and stress components for a cubic lattice with its 𝑧 
axis aligned along the 〈001〉 direction can be further simplified assuming that the epitaxial layer 
is under biaxial stress.  In this case, the lattice is deformed in the (𝑥, 𝑦) plane to adapt with the 
lattice parameter of the underlying substrate.  Such biaxial deformation is described by constant 
forces [65] 
 𝜎𝑥𝑥 = 𝜎𝑦𝑦 = (𝐶11 + 𝐶12)𝜀∥ + 𝐶12𝜀⊥ (Equation 3.10) 
and vanishing forces 
 𝜎𝑧𝑧 = 2𝐶12𝜀∥ + 𝐶11𝜀⊥ = 0 (Equation 3.11) 
Accordingly, the lateral and vertical strains 𝜀∥ and 𝜀⊥ are related by the elastic constants 𝐶11 and 














 (Equation 3.14) 
where 𝑎0 is the lattice parameter for the unstrained lattice. 
For a Ge1-xSnx alloy, the lattice parameter, 𝑎0, and the elastic constants vary with Sn 
composition, 𝑥, almost linearly.  Therefore, these are approximated using Vegard’s law, 
 𝑎0 = 𝑥𝑎𝑆𝑛 + (1 − 𝑥)𝑎𝐺𝑒 (Equation 3.15) 
 𝐶11 = 𝑥𝐶𝑆𝑛
11 + (1 − 𝑥)𝐶𝐺𝑒
11 (Equation 3.16) 
 𝐶12 = 𝑥𝐶𝑆𝑛
12 + (1 − 𝑥)𝐶𝐺𝑒
12 (Equation 3.17) 
where 𝑎𝑆𝑛 = 0.6489 nm and 𝑎𝐺𝑒 = 0.5658 nm are the lattice parameters of bulk α-Sn and Ge, 
respectively, 𝐶𝑆𝑛
11 = 69 GPa, 𝐶𝑆𝑛
12 = 29.3 GPa, 𝐶𝐺𝑒
11 = 126 GPa, and 𝐶𝐺𝑒
12 = 44 GPa are the 
relevant elastic constants [66]. 
 
3.4 Crystallographic tilt 
 
According to the expressions for 𝑄∥ and 𝑄⊥, one can determine the values of both 𝑎∥ and 
𝑎⊥ from a single RSM of an asymmetrical reflection.  However, in the presence of lattice 
inclination, such as a miscut (or crystallographic tilt), this may lead to an erroneous 
determination of the lattice parameters.  The crystallographic tilt in epitaxial layers is typically 
associated with an unequal density of dislocations with opposite Burgers vector.  Particularly, the 
miscut of the underlying substrate either increases or decreases the angle between the Burgers 
vector of the dislocation and the surface normal, which results in different shear stress.  This 
favors the preferential nucleation of dislocations with the particular Burgers vector [67].  In 
reciprocal space, the miscut is associated with an inclination of the scattering vector by an angle, 





Figure 3.2.  Schematic illustration of the effect of lattice miscut on the orientation of the 
scattering vector.  𝒌𝒊𝒏 and 𝒌𝒐𝒖𝒕 are the wavevectors of the incident and scattered X-ray beam. 
 
To study the miscut of the Si(001) planes, as well as the crystallographic tilt between the 
Si(001) and Ge(001) planes and between the Ge(001) and GeSn(001) planes, a series of ω scans 
were measured for sample S3 across the 004 reflection of Si, Ge, and GeSn at different azimuthal 
angles, 𝜙 (Figure 3.3).  Substantial shifts of the 004 Si peaks from the Bragg’s position at 𝜔0 = 
34.5646 deg can be seen on the ω spectra in Figure 3.3a, measured for 0, 90, 180, and 270 deg 
azimuthal angles, which signifies a considerable miscut angle.  The shifts of the 004 peaks on the 
ω spectra measured for the Ge (Figure 3.3b) and GeSn (Figure 3.3c) layers are close to those of 




Figure 3.3.  X-ray diffraction ω scans measured for the 004 reflection of Si (a), Ge (b), and GeSn 
(c) at different azimuthal angles 𝜙 for sample S3. 
 
Quantitatively, the miscut and crystallographic tilt angles were studied by fitting the 004 
ω spectra with Pseudo-Voigt functions as follows [68], 
 𝑃𝑉(𝜔) = (1 − 𝑓)𝐺(𝜔) + 𝑓𝐿(𝜔) (Equation 3.18) 



















) (Equation 3.20) 
Here, 𝑊 is the full width at half maximum, 𝜔𝑐 is the mean of the distribution, and 𝐴 is the peak 
area.  For sample S3, the measured and fitted ω spectra at 𝜙 = 0 deg are shown in Figure 3.4. 
 
 
Figure 3.4.  Measured (symbols) and fitted (line) 004 ω scans for the Si (a), Ge (b), and GeSn (c) 
layers of sample S3. 
 
Figure 3.5 shows the variation of 𝜔𝑐 as a function of azimuthal angle, 𝜙.  The values of 
𝜔𝑐 decrease from Si to Ge to GeSn according to Bragg’s law in Equation 3.2 due to the relative 
increase of the vertical lattice parameter, 𝑎⊥.  Moreover, the positions of the 004 peaks are 
shifted toward the higher angles, 𝜔𝑐, while rotating the sample up to about 𝜙 = 130 deg.  The 
lowest angles, 𝜔𝑐, are revealed after the 180 deg rotation, which corresponds to the opposite 
direction of the sample.  Therefore, the miscut angles can be estimated as (𝜔130 − 𝜔310)/2 [67]. 
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Figure 3.5.  The peak positions (a) and miscut/tilts (b) of Si (004), Ge(004), GeSn (004) 
measured as a function of sample rotations. 
 
More precisely, the miscut/tilt angle, 𝛼0, of the (001) lattice planes is determined by 
fitting the experimental data in Figure 3.5a over the range of azimuthal angles from 0 to 360 deg, 
with the following expression [69], 
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 tan(𝛼 + 𝑐1) = cos(𝜙 + 𝑐2) × tan(𝛼0) (Equation 3.21) 
where 𝛼 is the offset angle, and 𝑐1 and 𝑐2 are fitting parameters related to the mounting of the 
sample on the sample stage. 
Fittings of the experimental data in Figure 3.5a revealed that the miscut angle, 𝛼0, for the 
Si (001) planes is as large as 0.73 deg, and the miscut of the Ge and GeSn (001) planes is 0.74 
and 0.77 deg, respectively.  Accordingly, the miscut of Ge and GeSn is mostly representative of 
the Si miscut.  At the same time, the crystallographic tilt between the Si and Ge as well as 
between Ge and GeSn is negligibly small, 0.01 and 0.03 deg, respectively.  This can be seen in 
Figure 3.5b, which compares the orientational tilt 𝛼 for the (001) planes of Si, Ge, and GeSn.  In 
practice, this allows studying the strain and composition in the GeSn layer without considering 
the corrections for crystallographic tilt. 
 
3.5 Characterization of the role of compressive strain on the compositional gradient in 
GeSn/Ge/Si(001) heterostructures 
 
For samples S1, S2, and S3, the XRD ω/2θ spectra from the symmetrical 004 planes are 
shown in Figure 3.6.  For all samples, the XRD spectra were normalized with respect to Si (004) 
substrate with the Bragg’s angle positioned at 𝜃0 = 34.5646 deg.  Since the interplanar spacing 
𝑑004 increases down the periodic tables, the respective peaks associated with the Si, Ge, and 
GeSn can be seen in the order of decreasing scattering angle following Bragg’s law in Equation 
3.2.  The vertical dashed line in Figure 3.6 marks the Bragg position of bulk Ge at 𝜃0 = 32.9956 
deg.  The peak associated with the Ge buffer is seen shifted towards higher angles from the 
angular position of bulk Ge, which indicates that the unit cell of the Ge buffer layer is 
compressed in the vertical direction.  An additional diffraction maximum is observed as a 
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shoulder near the Ge buffer peak for samples S3 and S2, which was associated with the 10 nm 
thin Ge cap layer.  For sample S1, the Ge peak asymmetry at the side of higher scattering angles 
was attributed to SiGe alloying near the Ge/Si interface that forms during the deposition of the 
Ge buffer.  A similar asymmetry was also reported elsewhere [70]. 
 
 
Figure 3.6.  Measured x-ray diffraction ω/2θ scans of the symmetrical 004 reflection for samples 
S1 (black line), S2 (red line), and S3 (blue line).  The vertical dashed line shows the peak 
position for bulk Ge [71]. 
 
The lattice parameters 𝑎⊥ for the Ge buffer, GeSn, and Ge cap were calculated by fitting 
the respective peaks in Figure 3.6 with Gaussian functions to determine the Bragg’s angle 𝜃0.  
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 (Equation 3.22) 
The measured lattice parameters, 𝑎⊥, are compared in Figure 3.7 for all samples.  As it 
can be seen, the lattice spacing, 𝑎⊥, in the Ge buffer does not exhibit significant changes among 
the samples, which indicates that the growth of the GeSn layer does not significantly affect the 
strain state of the Ge buffer.  The strain in the Ge buffer was estimated by using the measured 𝑎⊥ 
in Equation 3.13 and Equation 3.12.  For all samples, the Ge buffer layer was found tensile 
strained in the plane of the interface, with the magnitude of lateral strain, 𝜀∥ = 0.2 ± 0.01 %.  
This is the typical value of residual strain reported for the growth of Ge on Si [72], where it is 
attributed to the mismatch of thermal expansion coefficients between the two materials. 
 
 
Figure 3.7.  Measured vertical lattice parameters in the Ge cap, GeSn, and Ge buffer layers of 
samples S1, S2, and S3. 
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In Figure 3.7, the magnitude of 𝑎⊥ in the GeSn and Ge cap layers decreases from sample 
S1 and S2 to S3 following the increasing GeSn layer thickness.  It should be noted that the 
decrease of 𝑎⊥ in the GeSn layer can be attributed both to stain relaxation as well as to the 
decrease of Sn content, since both reduce the magnitude of 𝑎⊥.  However, the Sn composition in 
the GeSn layer cannot be resolved from an ω/2θ scan of the 004 reflection since this is not 
sensitive to 𝑎∥.  At the same time, according to the biaxial strain relation in Equation 3.12, the 
decrease of 𝑎⊥ in the Ge cap can be correlated to the increase of the lattice parameter 𝑎∥
𝐺𝑒 𝑐𝑎𝑝
. 
The magnitude of 𝜀∥ in the Ge cap was estimated to be 0.7 ± 0.01 % and 1.3 ± 0.03 % for 
sample S2 and S3, respectively.  Since the 10 nm thin Ge cap layer must be fully strained to the 
underneath GeSn layer (𝑎∥
𝐺𝑒𝑆𝑛 = 𝑎∥
𝐺𝑒 𝑐𝑎𝑝
), the increase of 𝜀∥ was considered as a direct indication 
of the increasing 𝑎∥
𝐺𝑒𝑆𝑛 and, therefore, of the increasing degree of strain relaxation in the GeSn 
layer underneath the Ge cap.  The GeSn layer of sample S3 experiences even a larger degree of 
strain relaxation that is related to its larger thickness as compared with the GeSn layers of 
samples S1 and S2. 
As mentioned above, the strain state in the GeSn layers cannot be resolved from a single 
004 ω/2θ scan using the same approach as for the Ge buffer and the Ge cap.  This is related to 
the different Sn composition in the as-grown and designed GeSn layers and, thus, to the 
unknown bulk lattice parameter, 𝑎0, in Equation 3.15.  For example, Figure 3.8 shows the 
relationship between Bragg’s angle, 𝜃0, strain, and Sn composition on the example of several 
GeSn layers with Sn content of 10, 8, and 6 at. %.  As can be seen, the magnitude of 𝜃0 
decreases with both the increase of Sn composition and 𝜀⊥ strain. 
The lateral lattice parameter, 𝑎∥, is commonly determined from the RSM of an 
asymmetrical reflection, which according to Equation 3.1 is sensitive to both 𝑎∥ and 𝑎⊥.  
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Accordingly, the RSMs were measured in the vicinity of Ge 2̅2̅4 reflection to capture the peaks 
from the Ge buffer and GeSn layers (Figure 3.9), which also reveals the epitaxial relationship 
between the crystal lattices of the two layers.  The Ge buffer is seen on the RSMs as a high-
intensity peak on the top left corner near the location of bulk Ge, which is shown with a star 
symbol.  The Ge buffer is under residual strain, which is concluded from the respective peak 
position on the RSMs.  This agrees with the Ge peak shift on the 004 ω/2θ scans in Figure 3.6.  
The Ge cap layers can be observed on the RSMs of sample S2 (Figure 3.9b) and S3 (Figure 3.9c) 
as weak diffraction spots.  Because of the different strain state, these are located at lower |𝑄∥| 
relative to the Ge buffer.  The peak from the GeSn layer is positioned below the Ge buffer in 
agreement with the larger 𝑎⊥ in Figure 3.7. 
 
 
Figure 3.8.  The relationship between the vertical strain and Bragg’s angle calculated for the 004 
reflection of several Ge1-xSnx alloys on Ge substrate. 
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Figure 3.9.  Measured XRD RSMs showing the 2̅2̅4 reflection of Ge and GeSn layers for 
samples S1 (a), S2 (b), and S3 (c).  The dashed line marked as R = 0 and R = 1 show the location 
of fully strained and fully relaxed Ge1-xSnx, respectively [71]. 
 
The reciprocal space coordinates for the fully relaxed and pseudomorphic Ge1-xSnx alloys 
are shown as vertical (R = 0) and inclined (R = 1) dashed lines, respectively, for a large range of 
Sn compositions.  As can be seen in Figure 3.9a, the GeSn peak of sample S1 is near the vertical 
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dashed line (R = 0), which indicates that the GeSn layer is almost fully strained to the Ge buffer.  
The GeSn peak shifts in the direction of the (R = 1) line for sample S2 and sample S3 due to the 
strain relief in the GeSn layers. 
The layer thickness is also reflected in the peak intensity on the RSM so that the peak 
intensity ratio between the GeSn and Ge peak increases from sample S1 and S2 to S3.  The GeSn 
peak for sample S3 appears on the RSM as the most intensive peak (Figure 3.9c), which is 
related with the larger relative thicknesseses of GeSn and Ge layers.  It is noticeable that the 
diffraction spot from the Ge cap is located above the GeSn peak at the same 𝑄∥ value, which 
confirmed that the thin Ge cap is fully strained to the GeSn layer. 
The migration of the GeSn peak to the R = 1 line is accompanied by the broadening of 
the diffraction spot along the 𝑄∥ and 𝑄⊥ axes, which can be seen by comparing the RSM of 
sample S1 with that of samples S2 and S3.  Commonly, this is attributed to the increasing density 
of dislocations in a relaxed epitaxial layer [73].  At the same time, the peak width decreases with 
increasing layer thickness.  This explains the much narrower GeSn peak for sample S3 in 
comparison with that of sample S2.  It can be noticed that the diffuse scattering around the Ge 
buffer peak closely follows that of the GeSn layer.  However, the fixed peak position of the Ge 
buffer for different samples indicated the absence of additional misfit dislocations in the Ge 
buffer.  Accordingly, the diffuse scattering around the Ge peak was attributed to the misfit 
dislocations at the GeSn/Ge interface.  For instance, this effect was considered in Ref. [62] for an 
XRD study of plastic strain relaxation in SiGe layers. 
An additional broadening was observed along the scattering vector 𝑸, which was related 
to a spontaneous change of composition during the growth [63].  On the RSMs in Figure 3.9, 
these regions were associated with the high and low Sn content GeSn peaks.  More explicitly, the 
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regions with enhanced Sn composition in the GeSn layer of samples S2 and S3 can be seen in 
Figure 3.10, which shows the extracted 𝑄 scans over the 2̅2̅4 GeSn peak on the RSMs. 
 
 
Figure 3.10.  Extracted spectra over the GeSn peak region on the 2̅2̅4 RSMs of samples S1 
(black), S2 (red), and S3 (blue). 
 
The lattice parameter, 𝑎∥, in the GeSn layer was calculated according to Equation 3.4 by 
measuring the 𝑄∥ position of the GeSn peaks on the RSM.  Afterward, the substitution of 𝑎∥ in 
Equation 3.12 allowed determination of the unstrained lattice parameter, 𝑎0, for the Ge1-xSnx 
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 (Equation 3.23) 
The Sn composition (Table 3.1) was subsequently calculated by the replacement of 𝑎0, 𝐶11, and 
𝐶12 in Equation 3.23 with their expressions from Equations 3.15, 3.16, and 3.17, respectively. 
 
Table 3.1.  The measured Sn content and lateral strain in the GeSn layer of samples S1, S2, and 
S3 using the GeSn peak position on the 2̅2̅4 RSM. 
Sample Sn content, 𝑥 (at. %) Lateral strain, 𝜀∥ × 10
−3 










As can be seen in Table 3.1, the measured RSMs provided an estimate of the Sn 
compositions of the GeSn layers that are close to the designed value of 6.6 at. %.  Additionally, 
the lateral strain was seen to decrease with increasing GeSn layer thickness, which explained the 
decrease of the lattice parameter, 𝑎⊥, in Figure 3.7.  The increase of strain relaxation was 
accompanied by the enhanced Sn incorporation in the GeSn layers of samples S2 and S3.  
However, due to the relatively small change of the Sn content, the GeSn peaks that correspond to 
the regions of high and low Sn content on the RSM were strongly overlapped.  In conjunction 
with increasing diffuse scattering around the GeSn peaks, this leads to an erroneous 
determination of the peak position and, as a result, of the Sn content and strain state.  For 
example, while the peak position of the high Sn region on the RSMs in Figure 3.9 can be 
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determined with high accuracy, the low Sn peak is hindered by the diffuse scattering.  Therefore, 
the theory of diffuse scattering due to misfit dislocations [61] was applied for the current samples 
to obtain a better estimate of Sn composition, strain, and density of misfit dislocations. 
Figure 3.11 compares the measured (a) and simulated RSMs (b)-(d) for sample S2.  In 
particular, the RSM in Figure 3.11b was calculated for a 400 nm thick GeSn layer with a uniform 
Sn composition of 7.1 at. %.  The 60° MDs were located at the GeSn/Ge interface in order to 
simulate the strain relaxation that is the origin of the peak shift with respect to the line of 
pseudomorphic growth (R = 0).  As can be seen, the diffuse scattering around the GeSn peak on 
the simulated RSM is much stronger as compared with that on the measured one.  Since the peak 
widths, ∆𝑄∥ and ∆𝑄⊥, scale with the density of MDs, 𝜌, and the layer thickness, 𝑑, as ~√𝜌/𝑑 
[61], the large diffuse scattering suggested an overestimated density of MDs or underestimated 
GeSn layer thickness. 
It is well known that for cubic crystals with low compressive lattice mismatch (< 2%), the 
60° MDs are considered the dominant type of strain relieving dislocations [62].  Therefore, the 
RSM fitting was further improved by altering only the GeSn layer thickness, which was 
increased to 670 nm.  This resulted in a reduced peak width (Figure 3.11c) that is comparable 
with that of the measured RSM.  Yet, the comparison of the peak shapes of the simulated and 
measured RSMs suggested that the GeSn layer of sample S2 is composed of regions with 
different Sn content.  Therefore, the RSM simulation was refined by altering the depth 
distribution of Sn. 
Figure 3.11d shows the simulated RSM that was obtained assuming that the GeSn layer is 
composed of a bottom layer (BL), graded layer (GL), and top layer (TL).  The Sn content is 
uniform in BL and TL, while gradually changes in GL.  The simulated RSM in Figure 3.11d 
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displays the closest resemblance with the measured RSM in Figure 3.11a. 
 
 
Figure 3.11.  Experimental (a) and calculated (b)-(d) XRD RSMs from the GeSn layer of sample 
S2. 
 
The RSM of sample S3 was simulated following the same procedure as for sample S2.  
The comparison of the measured RSM of sample S3 with its best fit is shown in Figure 3.12.  For 
sample S1, the negligible strain relaxation in the GeSn layer is related to a small density of misfit 
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dislocations, which does not allow using the theory of X-ray diffuse scattering.  However, as can 
be seen from Figure 3.9a, the GeSn peak shape of sample S1 is relatively narrow, which suggests 
the uniform distribution of Sn. 
 
Figure 3.12.  Experimental (a) and calculated (b)-(d) XRD RSMs from the GeSn layer of sample 
S3 [71]. 
 
Figure 3.13 compares the secondary ion mass spectrometry (SIMS) profiles  measured 
for samples S1, S2, and S3, which in particular show the depth distribution of Sn in the GeSn 
layers.  Evidently, the 125 nm thick GeSn layer of sample S1 can be characterized with a 
uniform Sn composition of 6.6 at. %.  At the same time, three regions with distinct Sn 
composition can be seen for samples S2 and S3.  Specifically, the thickness of the GeSn bottom 
region (BL) is close to 100 nm, and this has a uniform Sn content of ~6.9 and ~6.5 at. % for 
sample S2 and S3, respectively.  For these samples, a 150 ± 20 nm thick region with graded Sn 
content follows the BL layer.  The GeSn top region (TL) has a uniform Sn composition of 7.7 
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and 7.2 at. % for sample S2 and S3 and extends towards the surface over ~450 and ~850 nm, 
respectively.  Figure 3.13 also compares the Sn composition determined from XRD 




Figure 3.13.  Concentration profiles of Sn across the GeSn layer obtained from SIMS (dashed 
line) and XRD RSMs (solid line) for samples S1, S2, and S3 [71]. 
 
3.4 X-ray diffraction characterization of Sn incorporation in GeSn layers under compressive 
strain 
 
The strain-dependent Sn incorporation is quantified in more detail by studying several 
GeSn layers with different strain states and Sn compositions.  For example, Figure 3.14 
compares the RSMs of samples S1, S4, and S5, for which the GeSn peak is shifting along the 
isocomposition line (solid red line) as the compressive strain in the GeSn layer decreases.  This 
is a companied with the splitting of the GeSn peak, which indicates the formation of a region 
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with higher Sn composition in the GeSn layer.  On the RSM, the Sn-rich peak is located at the 
lower 𝑄𝑧 values and its intensity increases due to the increasing layer thickness. 
 
 
Figure 3.14.  Measured 2̅2̅4 RSMs for sample S1 (a), S4 (b), and S5 (c).  The dashed vertical (R 
= 0) and inclined (R = 1) lines denote the fully strained and fully relaxed Ge1-xSnx alloys.  The 
inclined red solid lines are the isocomposition lines. 
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The splitting of the GeSn peak on the RSM is saturated after the GeSn layer is completely 
relieved of strain.  Accordingly, the GeSn peaks were associated with the BL region for sample 
S1, the BL and GL regions for sample S4, and the BL, GL, and TL regions for sample S5.  The 
location of the BL, GL, and TL peaks on the RSMs suggested that most MDs were located at the 
BL/Ge interface, which is reflected in the large shift of the BL peak for samples S4 and S5.  On 
the contrary, the minor shift of the GL and TL spots with respect to the BL indicated the low 
density of dislocations at the interfaces between BL and GL and between GL and TL. 
For all samples, the degree of strain relaxation and the corresponding density of 
dislocations are shown in Figure 3.15 for the BL GeSn layers.  In particular, the degree of strain 
relaxation was defined as follows, 
 𝑅𝐵𝐿 = 100 ×
𝑎∥ − 𝑎𝑠
𝑎0 − 𝑎𝑠
 (Equation 3.24) 
where 𝑎∥ is the measured lateral lattice parameter of the GeSn BL layer, 𝑎0 is the lattice 
parameter of a bulk GeSn BL, and 𝑎𝑠 is the lateral lattice parameter of the Ge buffer.  
Accordingly, 𝑅𝐵𝐿 = 0% and 𝑅𝐵𝐿 = 100% correspond to a fully relaxed and fully strained GeSn 
layer, respectively.  Figure 3.15a shows that the magnitude of 𝑅𝐵𝐿 for different samples spans 
over a wide range from 10 to 95%.  Also, the increase of 𝑅𝐵𝐿 is accompanied by an increase in 
the density of MDs, 𝜌.  For strongly relaxed GeSn layers, the magnitude of 𝜌 approaches the 
dashed line in Figure 3.15b, which projects the density of MDs in a fully relaxed (𝜀𝑟𝑒𝑠 = 0) 
GeSn layer and was calculated according to the following expression [65], 
 𝜀𝑟𝑒𝑠 = 𝑓 − 𝑏𝑥𝜌 (Equation 3.25) 
where 𝜀𝑟𝑒𝑠 is the residual strain, 𝑓 is the lattice mismatch, and 𝑏𝑥 = 𝑎𝑠 2√2⁄  is the strain 
relieving component of Burger’s vector for a 60° MD. 
For completeness, Figure 3.16 shows the lattice parameters of the GeSn BL in response 
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to strain relaxation.  It can be seen that, under compressive strain, the unit cell in the GeSn layer 
is tetragonally distorted so that the vertical lattice parameter, 𝑎⊥, is larger than the lateral lattice 
parameter, 𝑎∥.  With the increase of strain relaxation, both 𝑎⊥ and 𝑎∥ approach the calculated 
dashed line, which depicts the lattice parameter for the unstrained GeSn alloy. 
 
 
Figure 3.15.  The percentage relaxation of strain (a) and the misfit dislocations density (b) in the 
bottom region of GeSn epilayers [74]. 
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Figure 3.16.  Measured lattice parameter for the GeSn BL layers. 
 
For all samples, the surplus of Sn concentration (ΔSn) in the GeSn TL with respect to the 
BL can be seen in Figure 3.17a.   As can be seen, the magnitude of ΔSn increases from 0.5 to 4.8 
at. % with the increasing Sn composition in the GeSn TL from 5 to 15 at. %, respectively.  
Moreover, the Sn content in the GeSn layer strongly depends on the degree of strain relaxation of 
the BL, as previously observed elsewhere [33], [63].  The maximum excess of Sn in a GeSn 
layer (ΔSn𝑚𝑎𝑥) is expected at 𝑅𝐵𝐿 = 100%.  Therefore, for the GeSn layers under larger residual 
compressive strain, the surplus of Sn is reduced by a factor of 𝑅𝐵𝐿, which roughly can be 
described by the following equation ΔSn = ΔSn𝑚𝑎𝑥 × 𝑅𝐵𝐿.  Accordingly, for partially relaxed 
GeSn layers, the anticipated ΔSn at 𝑅𝐵𝐿 = 100% was approximated as ΔSn/𝑅𝐵𝐿 (filled square 
symbols in Figure 3.17a). 
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Figure 3.17.  (a) The measured excess of Sn in the GeSn TL layers (symbols) of all samples and 
the calculated Sn segregation from compressively strained GeSn layer (dashed lines) as a 
function of Sn composition.  The filled and empty symbols correspond to the GeSn layers with 
complete and partial strain relaxation, respectively.  (b) The Gibbs free energy in compressively 
strained GeSn alloys [74]. 
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Given the unchanged growth conditions of the GeSn during the layer deposition, it is 
more appropriate to focus the discussion on the suppressed Sn incorporation in the highly 
strained GeSn BL region.  For a fully strained GeSn layer on Ge substrate, Sn can be considered 
as an oversized solute atom in the Ge matrix.  Therefore, the high compressive strain in the BL 
may prevent the efficient incorporation of Sn in comparison with the incorporation into the strain 
relaxed TL.  Consequently, the Sn atoms may segregate towards the sample surface during the 
growth of the BL. 
An appropriate model that accounts for the segregation of Sn was presented in Ref. [75] 
for Sn-doped GaAs layers.  It was shown that under equilibrium conditions, the surface 
concentration of Sn (𝑥𝑠) is related with the bulk concentration (𝑥) by the following equation, 
 




) (Equation 3.26) 
where ∆𝐺𝑠𝑒𝑔
0  is the total Gibbs free energy of Sn segregation, 𝑘 is the Boltzmann constant, and 𝑇 
is the growth temperature of the GeSn layer.  The total Gibbs free energy in Equation 3.26 is 
generally composed of the bond-breaking and strain energy terms.  However, due to the low 
melting point of Sn (232 °C) and the high growth temperature of the GeSn layer (300 °C), the 
bond-breaking contribution to the ∆𝐺𝑠𝑒𝑔
0  was omitted.  Therefore, the total Gibbs free is solely 
associated with the strain state of the GeSn layer.  The strain energy for substitutional Sn in the 






 (Equation 3.27) 
where 𝐾𝑆𝑛 = 4.25 × 10
10 N/m2 is the bulk modulus of Sn, 𝐺𝐺𝑒𝑆𝑛 is the shear modulus of GeSn 
with 𝐺𝐺𝑒 = 4.10 × 10
10 N/m2 and 𝐺𝑆𝑛 = 1.99 × 10
10 N/m2, 𝑟𝑆𝑛 = 0.139 nm is the covalent radius 
of Sn, and 𝑟𝐺𝑒 = 0.120 nm is the covalent radius of Ge. 
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According to Equation 3.27, the segregation of Sn is expected from both the strained BL 
and relaxed TL regions of the GeSn layer due to the covalent radii difference term.  However, 
the measured ΔSn in Figure 3.17 only reflects the relative difference of Sn composition between 
the TL and BL layers due to the distinct strain state.  Therefore, the strain energy term 𝐸𝑠
′ that 
contains the covalent radii difference (𝑟𝑆𝑛 − 𝑟𝐺𝑒𝑆𝑛), which in practice describes the Sn 
segregation from a strain relaxed GeSn layer, is additionally subtracted from the total Gibbs free 
energy, so that ∆𝐺𝑠𝑒𝑔








 (Equation 3.28) 
where 𝑟𝐺𝑒𝑆𝑛 is the average covalent radius in the GeSn TL layer.  Alternatively, the strain energy 
per atom in a compressively strained GeSn lattice on Ge can be approximated using Equation 1.2 








2𝑉 (Equation 3.29) 
where 𝑁 = 8 is the number of atoms in the unit cell; 𝜈 = 0.27 is the Poisson's ratio, and 𝑉 = 𝑎0
3 is 
the volume of the unit cell. 
The calculated Sn segregation (ΔSn = 𝑥𝑠 − 𝑥) from compressively strained GeSn BL 
layers is shown in Figure 3.17a.  The magnitude of ΔSn is calculated according to Equation 3.26 
for both ∆𝐺𝑠𝑒𝑔
0 = 𝐸𝑠 − 𝐸𝑠
′ and ∆𝐺𝑠𝑒𝑔
0 = 𝐸𝜀, which are shown with the black and red dashed lines, 
respectively.  As can be seen, the segregation model accurately describes the measured excess of 
Sn in the GeSn TL.  This close agreement indicated that the excess of Sn in the strain relaxed 
GeSn TLs is indeed connected with the Sn content that is not incorporated in the GeSn BL that is 
under large compressive strain.  The corresponding Gibbs free energies ∆𝐺𝑠𝑒𝑔
0 = 𝐸𝑠 − 𝐸𝑠
′ and 
∆𝐺𝑠𝑒𝑔
0 = 𝐸𝜀 used for simulating the segregation of Sn are additionally compared in Figure 3.17b.  
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The magnitude of ∆𝐺𝑠𝑒𝑔
0  in compressively strained Ge1-xSnx alloys increases with the Sn 
composition due to the increasing covalent radii and lattice mismatch in Equations 3.27 and 3.29, 
respectively.  The good correlation between the Gibbs free energies ∆𝐺𝑠𝑒𝑔
0 = 𝐸𝑠 − 𝐸𝑠
′ and 
∆𝐺𝑠𝑒𝑔
0 = 𝐸𝜀, as well as between the measured and calculated ΔSn, justified the adequacy of the 
model for Sn segregation. 
The demonstrated interplay between the Sn incorporation and compressive strain 
relaxation in GeSn layers is extremely important.  For instance, it can be utilized for designing 
GeSn/Ge heterostructures with enhanced Sn composition and improved structural quality, as well 
as predictable optical and electronic properties.  The model also explains the uniform Sn 
composition in a compressively strained GeSn layer with a thickness lower than the critical 
thickness.  The enhanced incorporation of Sn is initiated once the strain relaxation begins, which 
results in a compositionally GL above the BL.  Moreover, after the compressive strain in GeSn is 
relaxed to an equilibrium value, which corresponds to the TL region, the incorporation of Sn 
becomes uniform and enhanced with respect to the strained BL. 
The thickness of the BL region of the GeSn was estimated within the framework of the 
Matthews and Blakeslee (MB) [56] and People and Bean (PB) [57] models according to 
Equations 1.5 and 1.7, respectively.  The calculated critical thicknesses are shown in Figure 3.18.  
Additionally, the thicknesses of the BL layers for several samples were measured from the SIMS 
profiles (symbols in Figure 3.18), which tend to align along the curve calculated using the People 
and Bean model.  The agreement of the PB model with the experimental data is often reported 
elsewhere [76].  According to the PB model, the thickness of the GeSn BL of all samples is 
expected in the range from 580 to 40 nm, which corresponds to the measured range of lattice 
mismatches from 0.49 to 1.51%. 
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Figure 3.18.  The critical thickness for strain relaxation according to the Matthews and Blakeslee 
(MB) [56] (dashed line) and People and Bean (PB) [57] (solid line) models.  Symbols show the 
thickness of the GeSn BL layers from the SIMS profiles of several samples [74]. 
 
The thickness of the GL region (ℎ𝐺𝐿) of the GeSn was estimated from the SIMS profiles 
in Figure 3.13 as well as from the SIMS profiles in Ref. [63].  For the given range of Sn 
composition, the GL region extends above the BL by about 160 ± 25 nm, which is followed by a 
uniform Sn content TL layer.  Because of only a small variation of ℎ𝐺𝐿 and the large change of 
ΔSn (Figure 3.17a) for a large compositional range (from about 4 to 12 at. %), the gradient of Sn 
composition (𝛽) in the GeSn GL layer is also a function of the nominal Sn composition and can 




X-ray diffraction was shown for characterization of Sn content, strain state, and density 
of defects in GeSn layers.  It was demonstrated that the BL and GL regions of the GeSn layer are 
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correlated with the specific thicknesses for strain relaxation, where the strain relieving misfit 
dislocations are localized.  The TL region of the GeSn layer was considered relatively free of 
structural defects.  The large compressive strain in the GeSn BL resulted in a suppressed Sn 
incorporation, which was shown to agree well with the model of solute atom segregation.  
Therefore, the spontaneously formed regions with distinct Sn compositions are the fingerprint for 
the strain state in the GeSn layers. 
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Germanium-tin alloys are exciting semiconductors for CMOS compatible photonic 
applications due to their direct bandgap at Sn concentrations larger than 8-10 at. % [24].  At the 
same time, under the equilibrium growth conditions, the solid solubility of Sn in Ge is less than 
1.1 at. % and the eutectic temperature is as low as 231.1 °C.  Nonetheless, the use of non-
equilibrium growth techniques, such as MBE and CVD, makes it possible to grow GeSn 
structures with higher Sn content [30], [63]. 
The device fabrication process typically involves several rounds of thermal treatment, 
such as during dopant activation and deposition of contacts.  Given the low eutectic point of 
GeSn, its crystalline structure may undergo severe transformations at elevated temperatures.  
Recently, good thermal stability was shown for the pseudomorphic GeSn layers grown by CVD 
on Ge at temperatures below 400 °C [77].  The noticeable Sn diffusion was reported for 
annealing temperatures above 500 °C, while the annealing for 30 min below 450 °C did not 
affect the structural integrity of the GeSn layers.  This is in good agreement with the Ge-Sn 
interdiffusion at 500 °C in Ref. [78].  Similarly, the onset of strain relaxation for annealing 
temperatures higher than 440 °C was reported in Ref. [79] for GeSn/Ge heterostructures grown 
by MBE at 150 °C, while Sn surface segregation and clustering was observed for temperatures 
above 580 °C.  In contrast, a sudden Sn segregation in GeSn layers was reported in Ref. [80] for 
annealing temperatures higher than 400 °C, provided that the strain relaxation in the GeSn layer 
is larger than 79%.  This result is counterintuitive, however, if considering the enhanced Sn 
incorporation in the GeSn layers with compressive strain relaxation during the growth [33], [63].  
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Apparently, the high and low temperature for Sn diffusion in pseudomorphic and relaxed 
samples, respectively, suggest the key role of the density of structural defects, such as 
dislocations, on the Sn migration processes. 
The role of threading dislocations (TDs) on the migration of Sn atoms in GeSn layers was 
investigated in Ref. [81].  It was shown that the propagating TDs toward the surface are the 
pathways for Sn transport that also facilitate the phase separation.  Therefore, a quantitative 
analysis between the strain relaxation, density of dislocations, and Sn segregation during thermal 
annealing is reported below. 
 
4.2 Sample descriptions 
 
The samples were grown on Si(001) substrates by CVD using an ASM Epsilon 2000 Plus 
reduced pressure system.  Initially, a 700 nm thick Ge buffer layer was deposited on the Si 
substrate.  The GeSn layers with 8 and 9 at. % nominal Sn composition were grown at ~300 °C 
using GeH4 and SnCl4 as germanium and tin gaseous precursors, respectively.  The deposition 
time was controlled to achieve GeSn layers with different thicknesses and varying strain state.  
After the growth, each sample was diced into pieces.  Different pieces were annealed at 300 °C 
in a vacuum furnace for 2, 4, or 8 hours.  Table 4.1 shows the structure of all samples. 
 
Table 4.1.  The measured structural parameters of the GeSn layer of all samples. 
 
Sn content (at. %) 
Strain relaxation in 
BL (%) 
GeSn thickness (nm) 
BL GL TL as-grown annealed BL GL TL 
A1 7.8 - - 5.4 34.5 90 - - 
A2 9.1 - - 19.5 45.5 120 - - 
A3 8.8 8.8 - 9.8 - 44.1 80.5 130 170 - 
A4 9.4 9.4 - 12.2 12.2 91.0 - 130 170 450 
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4.3 Characterization of the strain state, Sn segregation, and density of defects in GeSn/Ge 
heterostructures subjected to thermal annealing 
 
As was shown in the previous chapter, the growth of compressively strained GeSn layers 
is typically accompanied by a spontaneous change of composition with the beginning of strain 
relaxation above the critical layer thickness.  This resulted in GeSn BL, GL, and TL regions, for 
which the Sn composition was uniform-suppressed, graded, and uniformed-enhanced, 
respectively.  As was discussed, GeSn epitaxy on Ge suffers from surface segregation of Sn 
atoms during the growth, which explains the formation of distincnt-composition GeSn regions.  
This phenomenom is dictated by the magnitude of compressive strain and is considered 
spontaneous. 
The effect of thermal annealing on the structural quality of the GeSn layers was initially 
studied by measuring the X-ray diffraction ω/2θ spectra from 004 planes.  Figure 4.1 compares 
the ω/2θ spectra measured before and after annealing captured within a wide angular range.  The 
solid and dashed vertical lines on the measured spectra indicate the positions of the Ge and GeSn 
peaks, respectively, on the ω/2θ scans measured before the annealing.  After each annealing 
treatment, the Ge peak is seen in the same angular position, which indicates that the strain state 
of the Ge buffer was not influenced by the annealing treatment. 
The GeSn peaks on the ω/2θ scans of the as-grown samples reflect the uniform 
composition BL region for samples A1 (Figure 4.1a) and A2 (Figure 4.1b), the BL and graded 
composition GL regions for sample A3 (Figure 4.1c), and the BL, GL, and uniform composition 
TL regions for sample A4 (Figure 4.1d).  Accordingly, the observed bifurcation of the GeSn 
peak for sample A4 was related to the Sn-rich and low-Sn TL, GL, and BL, respectively, so that 
the TL peak was seen at lower scattering angles due to the higher Sn content.  Since the total 
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thickness of the BL and GL regions was much smaller than that of TL (Table 4.1), the intensity 
of the BL/GL peak was also significantly lower. 
 
 
Figure 4.1.  X-ray diffraction ω/2θ scans measured across the symmetrical 004 reflection of the 
as-grown and annealed samples A1 (a), A2 (b), A3 (c), and A4 (d).  The vertical solid and 
dashed lines mark the positions of the Ge and GeSn peaks on the spectra of the as-grown 
samples. 
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After the annealing of samples A1, A2, and A3, the GeSn peak was slightly shifted 
toward the larger scattering angles with respect to the GeSn peak of the as-grown sample 
(vertical dashed line) in response to decreasing vertical lattice parameter, 𝑎⊥.  The annealing of 
sample A4 for two, four, and eight hours led to a much larger shift of the GeSn peak, which was 
found close to the peak from the Ge buffer.  Evidently, this signifies the severe loss of Sn from 
the GeSn layer of sample A4.  A similar peak corresponding to the GeSn region with low Sn 
content was seen on the ω/2θ scan for sample A3 annealed for four hours.  However, unlike for 
sample A4, the GeSn region with high Sn content was also observed.  The formation of the 
regions with low Sn content after the annealing of samples A4 and A3 suggested Sn segregation 
for those samples.  Interestingly, Sn segregation was not identified for sample A3 annealed for 
two and eight hours. 
The Sn composition and strain state evolution in the GeSn layers were resolved from the 
XRD RSMs from the asymmetrical (2̅2̅4) planes.  Figure 4.2 shows the measured RSMs in the 
order of increasing annealing time from left to right.  The GeSn layers on the RSMs of samples 
A1 (Figure 4.2a) and A2 (Figure 4.2b) are seen as single peaks close to the vertical dashed line 
(R = 0).  The GeSn peak for these samples is marked as BL, and are correlated to a uniform 
composition GeSn region.  For sample A3 shown in Figure 4.2c, the GeSn peak is located at a 
larger 𝑄∥ with respect to the vertical dashed line (R = 0), indicating compressive strain 
relaxation.  Moreover, the GeSn peak is slightly broadened in the 𝑄⊥ direction due to the 
contribution from the BL and GL areas of the GeSn layer that have distinct Sn composition.  An 
additional GeSn peak corresponding to a GeSn region with the Sn molar fraction below 1 at. % is 
seen for sample A3 annealed for four hours, which agrees with the observations on the ω/2θ scan 
in Figure. 4.1c. 
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Figure 4.2.  X-ray diffraction RSMs measured across the Ge 2̅2̅4 reflection for sample A1 (a), 
A2 (b), and A3 (c), and A4 (d) before and after annealing [82]. 
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The RSMs of sample A4 are shown in Figure 4.1d.  The GeSn peak on the RSM 
measured before the annealing treatment is located on the line of complete strain relaxation (R = 
1).  As on the RSM of sample A3, the GeSn peak is composed of different composition regions, 
which are marked on the RSM as BL, GL, and TL.  After annealing for two hours, only the GeSn 
peak corresponding to Sn composition of 1 at. % was seen on the RSM.  The RSMs for sample 
A4 annealed for four and eight hours were not measured since the ω/2θ scans for these samples 
are identical to that annealed for two hours. 
For all samples, the positions of the GeSn peaks corresponding to the BL regions are 
summarized in Figure 4.3.  As can be seen, the thermal annealing resulted in the peak shift along 
the isocomposition lines Sn = 8 at. % for sample A1 and Sn = 9 at. % for samples A2 and A3.  
This indicates that the Sn composition was not altered during the annealing.  It should be noted 
that the data for sample A3 annealed for four hours belong to the dark area in Figure 4.4a. 
 
 
Figure 4.3.  The measured positions of the GeSn BL peaks on the 2̅2̅4 RSMs.  The dashed 
vertical (R = 0) and inclined (R = 1) lines denote the fully strained and fully relaxed Ge1-xSnx 
alloys.  The inclined solid lines are the isocomposition lines. 
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Selective XRD measurements were performed in order to identify the origin of low Sn 
content peak on the RSM of sample A3 annealed for four hours.  The optical micrograph for this 
sample is shown in Figure 4.3a.  As can be seen, several bright spots, presumably related to Sn 
segregation [81], appeared on the sample surface after the annealing treatment.  Therefore, the 
sample was diced into smaller pieces, so that the spot area was separated from the dark region.  
Thereafter, the XRD measurements were performed for each sample piece separately. 
 
 
Figure 4.4.  The optical micrograph of sample A3 annealed for four hours (a) and the 2̅2̅4 RSMs 
measured within the dark (b) and spotted (c) areas. 
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Figure 4.4b shows the corresponding 2̅2̅4 RSM measured inside the dark region on the 
sample surface, which on the optical micrograph is enclosed with the dashed black line.  
Expectedly, only the GeSn peaks corresponding to the BL and GL with nominal Sn content can 
be seen on the RSM.  In contrast, on the RSM measured within the area enclosed with the dashed 
red line, which contain both the bright and dark regions, the low Sn content Ge0.99Sn0.01 peak can 
be seen along with the nominal Sn composition BL and GL peaks.  This unambiguously allowed 
the emergence of the bright spots on the sample surface to be assigned with Sn out-diffusion 
from the GeSn layer.  According to the absence of Sn segregation for samples A1 and A2, as 
well as the occasional Sn segregation for sample A3 and the complete loss of Sn for sample A4, 
it was concluded that the onset of Sn segregation is strongly related with the compressive strain 
relief in the GeSn layer, which on the RSMs is reflected on the GeSn peak shift toward the 
relaxation line (R = 1). 
The surface morphology within the dark area and the segregation spot of sample A3 
annealed for four hours was studied using AFM.  Additionally, Figure 4.5a shows the surface of 
the as-grown sample A3, which was used as a reference image.  Hereby, the surface of the as-
grown sample was characterized with the root mean square (RMS) roughness of 0.8 nm and a 
crosshatch pattern that is typical for strain relaxation in planar films grown on mismatched 
substrates [83], [84].  The crosshatch pattern for an epitaxial layer grown on the (001) plane is 
composed of troughs and ridges that propagate along the <110> crystallographic directions (as 
marked in Figure 4.5a with white arrows), which agrees with the line directions of misfit 
dislocations (MDs) that are typically located at the film/substrate interface.  Accordingly, the 




Figure 4.5.  The surface morphology for sample A3 obtained by AFM for the (a) as-grown 
sample and (b), (c) after the annealing for four hours [82]. 
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Figure 4.5b shows the AFM image for sample A3 annealed for four hours and measured 
within the off-spot area (the dark region in Figure 4.4a).  The observed crosshatch pattern on the 
sample surface suggested the preserved planar structure of the GeSn layer after the annealing that 
also agreed with the observation of the GeSn peak with nominal Sn content on the RSM in 
Figure 4.2b and on the ω/2θ spectrum in Figure 4.1c.  Moreover, the thermal annealing resulted 
in only a slight increase of the RMS roughness up to 1.4 nm, which was attributed to the 
appearance of elevated circular spots on the surface.  The density of the spots was ~108 cm-2, 
which is the typical density of threading dislocations (TDs) for mismatched epitaxial layers [60]. 
Figure 4.5c shows the AFM image measured within the on-spot area (the bright region in 
Figure 4.4a) for sample A3 annealed for four hours.  For this region, the surface is characterized 
by large droplet-like features located near the holes of comparable sizes.  Moreover, a large 
distribution in size among the holes was also observed, which was presumably due to the 
coalescence of closely located smaller holes.  It was concluded that the density of holes and 
circular spots on the AFM images in Figure 4.5c and Figure 4.5b, respectively, are in close 
agreement.  Accordingly, the onset of droplet formation upon the annealing was correlated with 
the coalescence of circular spots (likely TDs), which in turn depends on their local density. 
The elemental composition near the surface region of all samples was studied at the 
microscale using Raman spectroscopy.  The small diameter of the laser spot of 1 µm and the 
shallow penetration depth of less than 50 nm is in contrast with XRD measurements, which 
provide statical averaged information over the large sample volume.  For instance, the Raman 
spectra for the as-grown samples A1, A2, A3, and A4 are shown in Figure 4.6, where the most 
intensive peaks are seen near the vertical dashed line that corresponds to Ge-Ge frequency for 
bulk Ge at 301 cm-1 [85].  These peaks were attributed to the Ge-Ge mode in the GeSn since 
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their intensity is strongly related to the Sn content in the Ge1-xSnx layer.  This can be seen by 
comparing the Ge-Ge modes on the Raman spectra of all samples.  Accordingly, the Ge-Ge 
peaks for samples A1 and A4 have the highest and lowest intensities, respectively, which agreed 
with the Sn content of 7.8 at. % and 12.2 at. % in the subsurface regions of the GeSn layers of 
sample A1 and A4, respectively.  Moreover, the increase of Sn composition is also accompanied 
by a shift of the Ge-Ge mode toward the lower frequencies.  The peak at ~280 cm-1 was assigned 
in Ref. [86] to disorder-activated (DA) Ge-acoustic phonons, and the peak at ~260 cm-1 
corresponds to the G-Sn mode. 
 
 
Figure 4.6.  Measured Raman spectra for the as-grown samples A1, A2, A3, and A4.  The dashed 
line marks the reference frequency of the Ge-Ge mode for Ge. 
 
The Raman spectra measured before and after annealing are compared in Figure 4.7.  For 
samples A1, A2, and A3, the Ge-Ge mode is slightly shifted towards the lower frequencies after 
the annealing, as expected for compressive strain relaxation.  At the same time, for sample A3 
annealed for four hours, the Ge-Ge mode on the Raman spectrum measured within the 
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segregation spot (Figure 4.4a) is seen at larger frequencies close to the position of bulk Ge.  A 
similar shift is also observed for sample A4 after each annealing treatment.  Apparently, this 
signified the severe loss of Sn from the GeSn layer.  In fact, the decrease of Sn content is in 
agreement with the increase of the peak intensity corresponding to the Ge-Ge mode as well as 
with the XRD data in Figure 4.2. 
 
 
Figure 4.7.  Raman spectra measured for samples A1 (a), A2 (b), A3 (c), and A4 (d) before (0 h) 
and after annealing (2 h, 4 h, and 8 h).  The dashed line marks the reference frequency of the Ge-
Ge mode for Ge.  The inset in (c) shows the optical micrograph of the surface for sample A4 
annealed for four hours. 
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For all samples, the position of the Ge-Ge mode was resolved from a fit of the Raman 
spectra with the following expression [85], [87], 
 𝐼(𝜔) = 𝐼0(𝜔) + 𝐼𝐸𝑀𝐺
𝐺𝑒−𝐺𝑒(𝜔) + 𝐼𝐸𝑀𝐺
𝐷𝐴 (𝜔) + 𝐼𝐸𝑀𝐺
𝐺𝑒−𝑆𝑛(𝜔) (Equation 4.1) 
where 𝜔 is the Raman frequency, 𝐼0(𝜔) is the background intensity, and 𝐼𝐸𝑀𝐺(𝜔) are 
exponentially modified gaussian functions corresponding to the Ge-Ge, DA, and Ge-Sn modes.  
The 𝐼0(𝜔) and 𝐼𝐸𝑀𝐺(𝜔) are given by the following expressions, 
 𝐼0(𝜔) = 𝑏1 + 𝑏2𝜔























] + 1) (Equation 4.3) 
where 𝐴 is the peak area, 𝑡 is the peak asymmetry, 𝑊 is the peak width, and 𝜔𝑐 is the central 




Figure 4.8.  Measured (black symbols) and fitted (orange line) Raman spectrum for the as-grown 
sample A1. 
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The behavior of the Ge-Ge peak position is plotted in Figure 4.9 versus the strain 
determined from XRD RSMs.  For samples A1 and A2, the Ge-Ge mode decreases towards the 
lower wavenumbers with the decrease of compressive strain during the thermal annealing.  These 
experimental data points were compared with the following two-dimensional linear regression 
(dashed line in Figure 4.9), 
 𝜔 = 𝜔0 + 𝑎𝑥 + 𝑏𝜀∥ (Equation 4.4) 
where 𝜔0 = 304 ± 0.9 cm
-1 is the Raman frequency for bulk Ge, 𝑎 = -84 ± 8 cm-1 is the 
composition shift coefficient, and 𝑏 = -491 ± 52 cm-1 is the strain shift coefficient [87].  In Figure 
4.9, the experimental data for samples A1 and A2 are well aligned with the calculated 
dependencies for 𝑥 = 0.08 and 𝑥 = 0.09, respectively, which confirmed the Sn composition 
determined from the RSMs. 
 
 
Figure 4.9.  The Raman shift for the Ge-Ge mode versus compressive strain.  The symbols and 
the dashed lines represent the measurement and calculations, respectively [82]. 
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A lower degree of correlation between the Sn content determined from XRD and Raman 
measurements is seen in Figure 4.9 for samples A3 and A4.  For sample A3, this discrepancy 
was attributed to the presence of the graded composition GeSn GL near the surface, which 
contributes to the Raman signal.  At the same time, the compositional gradient in the GeSn layer 
resulted in a relatively low intensity and not well-defined peak on the RSM.  Moreover, the Ge-
Ge peak on the Raman spectrum is perturbed by the closely located DA peak.  Accordingly, 
since the intensity of the Ge-Ge peak decreases as the Sn composition increases, the DA peak 
has a stronger effect on the shape of the Ge-Ge peak. 
The chemical characterization of sample A3 after annealing for four hours was 
additionally carried out using SEM and EDX measurements.  Figure 4.10a shows the SEM 
image measured within the region that was not affected by the segregation spot.  Apparently, 
after annealing for four hours there were no noticeable changes in the surface morphology, 
which also agrees with the observations on the AFM images in Figure 4.5b.  In addition, a 
uniform distribution of Sn and Ge for this region can be observed on the EDX maps in Figure 
4.10b and 4.10c, respectively, while the Sn composition in the GeSn layer, which is close to the 
nominal value of ~9.8 at. % was confirmed by XRD and Raman measurements.  In contrast, the 
SEM image of the area that corresponds to the segregation spot (Figure 4.10d) is characterized 
by droplet-like features with a density on the order of 107 cm-1.  According to the EDX maps in 
Figure 4.10e, these were attributed to Sn precipitates.  Simultaneously, the low Ge content within 
the droplets is seen on the EDX map in Figure 4.10f.  Moreover, the varying droplet volume 
indicates their surface migration and coalescence.  It was concluded that the area in between the 
droplets corresponded to a GeSn layer with the Sn composition less than 1 at. %, which 
corresponded to an equilibrium Sn content in a GeSn alloy.  Moreover, this also explained the 
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emergence of the low Sn content peak on the XRD RSMs as well as the shift of the Ge-Ge peak 
on Raman spectra toward higher frequencies.  According to the XRD, AFM, Raman, and SEM-
EDX measurements, it was concluded that the segregation of Sn, the compressive strain 
relaxation, and the density of defects are closely related. 
 
 
Figure 4.10.  The SEM and EDX images measured for the on-spot (a) – (c) and off-spot (d) – (f) 
areas of sample A3 annealed for four hours [82]. 
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The magnitude of strain and the density of misfit dislocations were estimated from RSM 
simulations (Figure 4.11), and are shown in Figures 4.12 and 4.13 only for the GeSn BL of each 
sample.  The rationality for showing the data for the BL is related to the shifts of the GeSn peaks 
on the RSMs in Figure. 4.2c and 4.2d with respect to Ge peak.  As can be seen, the BL peak is 
the most shifted toward the relaxation line, which indicated that most of the strain relieving MDs 
were located at the interface between the BL and the Ge buffer.  At the same time, the 𝑄∥ shifts 
between the BL and GL as well as between the GL and TL peaks on the RSMs are hardly 
noticeable, which signified a low density of MDs for these regions of the GeSn layer.  In other 
words, the lateral lattice parameter 𝑎∥ in the GL and TL regions was nearly equal to that in the 
BL before and after the annealing.  Accordingly, the strain relaxation in the GL layer of sample 
A3 before and after annealing was proportional to the strain relief in the BL region. 
 
 
Figure 4.11.  Experimental (color) and calculated (line) 2̅2̅4 RSMs for samples A2 (a), A3 (b), 
and A4 (c). 
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Figure 4.12 shows that for samples A1 and A2, the compressive strain in the BL regions 
of the GeSn layer was -9.5 × 10-3 before annealing.  This also relates to a degree of strain relief 
of 5.4 and 19.5%, respectively.  The magnitude of strain decreased with increasing GeSn layer 
thickness for samples A3 and A4 down to -6.3 × 10-3 and -1.1 × 10-3, and the degree of strain 
relaxation increased to 44.1 and 91.0%, respectively. 
 
 
Figure 4.12.  The compressive strain in the bottom region of GeSn layer for samples A1, A2, A3, 
and A4 versus the annealing time [82]. 
 
Figure 4.13 shows that the GeSn BL regions have a density of dislocations that increased 
proportionally with the degree of strain relaxation.  The density of dislocations was lower for 
sample A1 due to the smaller lattice mismatch between the BL and the Ge buffer.  The BL of the 
as-grown sample A4 had the largest density of MDs at 4.1 × 105 cm-1, which was considered as 
the limiting value for a GeSn layer with the Sn molar fraction of 9 at. %.  It also should be 
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emphasized that, while the line length of a threading dislocation is limited by the layer thickness, 
a misfit segment usually extends in the plane of the interface over several microns.  Therefore, 
the effect of the strain field related with MDs on the diffuse X-ray scattering prevails over that 
arising from TDs, which practically prevents determination of the density of TDs from the RSM.  
However, for an idealized situation, each MD can be characterized by two threading arms that 
run toward the sample surface. 
 
 
Figure 4.13.  The density of misfit dislocations measured in the bottom region of GeSn layer for 
samples A1, A2, A3, and A4 versus the annealing time [82]. 
 
The magnitude of compressive strain in the GeSn layers decreased by about a factor of 
two after annealing for two hours samples A2 and A3, and after annealing for four hours sample 
A1.  Annealing for longer periods did not induce a significant change in the strain state.  The 
density of MDs in the GeSn layers of the annealed samples increased in agreement with the 
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strain relaxation.  According to these observations, it was concluded that the extent of strain 
relaxation under the post-growth annealing of the GeSn layer is determined by the density of 
dislocations in the as-grown samples.  The strain for the GeSn layers of the annealed samples A4 
is not shown in Figure 4.12 due to the strong Sn segregation and the deviation of Sn composition 
from the nominal value. 
The saturation of strain relief in the GeSn layers of the annealed samples was explained 
by considering the fact that the residual strain in an epitaxial layer of thickness ℎ is governed by 
the balance between the energy associated with elastic strain, 𝐸𝜀~ℎ𝜀∥
2, and the energy of a grid 
of strain relieving misfit dislocations [52].  In other words, the nucleation of new dislocations is 
energetically favorable if the strain energy increases.  According to the expression for 𝐸𝜀, the 
increase of 𝐸𝜀 implies an increase of the layer thickness or the magnitude of compressive strain.  
Since the GeSn layer thickness does not change during the annealing, the relaxation results may 
be explained by an additional strain due to the thermal expansivity of GeSn, which was shown to 
increase as a function of Sn content [88].  Under these conditions, the movement of preexisting 
TDs from the Ge buffer and gliding of dislocation half-loops in the (111) plane of the GeSn layer 
toward the GeSn/Ge interface aid to form additional misfit segments [56]. 
Given the low compressive strain in the GeSn layers for samples A3 and A4, as well as 
the observed segregation of Sn for these samples, there was an apparent interplay between the 
strain relaxation and Sn outdiffusion.  At the same time, this conclusion is counterintuitive if 
considering the previous results, where it was shown that the relaxation of compressive strain in 
a GeSn layer is accompanied by an enhanced Sn incorporation.  Moreover, the presence of 
regions with nominal Sn content alongside those with Sn composition of 1 at. % for sample A3 
annealed at 300 °C is in contrast with gradual diffusion of Sn reported elsewhere for 
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temperatures not lower than 400 °C [77]–[79]. 
At the same time, the interaction of solute atoms with crystalline defects is present in 
many materials.  For instance, an increased concentration of solute atoms at stacking faults was 
shown in Ref. [89] from the first-principles calculations as well as from an experimental 
analysis.  It was shown that the segregation phenomenon can be attributed to a change of 
thermodynamic properties in the vicinity of a nanoscale defect.  Moreover, in Ref. [90], it was 
theoretically shown that segregation of solute atoms effectively reduced the dislocation line 
energy.  Also, the accumulation of Sn atoms at the dislocation sites in GeSn layers was recently 
revealed using atom probe tomography in Ref. [81], suggesting that the TDs may act as channels 
that facilitate the transport of Sn toward the surface. 
Considering the interaction of solute atoms with the dislocations, it can be argued that the 
TD and MD sites are enriched with Sn at the stage of epitaxial layer deposition.  Moreover, 
examination of the GeSn GL region in the previous chapter revealed an enhanced Sn 
incorporation with the onset of compressive strain relief at fixed growth conditions.  In practice, 
the substitutional Sn atoms in the relaxed lattice of GeSn have a lower strain energy, which 
results in their reduced segregation toward the surface during the growth.  According to these 
observations, it can be assumed that the incorporation of Sn is even more enhanced near the 
dislocation core where the lattice expansion is the largest, and that corresponds to a lower strain 
energy of substitutional Sn atoms.  Therefore, the MDs and TDs can be considered as region 
with enriched Sn composition, which start to form with the onset of compressive strain 
relaxation when the thickness of the GeSn layer is above the critical thickness.  For example, a 
schematic illustration of a dislocation half-loop is shown in Figure 4.14, where the misfit and 
threading segments are shown with red and blue lines, respectively. 
83 
 
Figure 4.14.  (a) Schematic illustration of the Ge lattice and the (111) crystal planes.  (b) The 
comparison of the (111) planes in the absence and presence of a dislocation loop. 
 
By following the discussion above, the higher density of MDs in the GeSn layers of the 
as-grown samples A3 and A4 was associated with a higher density of TDs penetrating through 
the GL layer.  Moreover, as the density of dislocations increases, the average distance between 
the dislocations decreases, which leads to Sn gathering in regions located closer to each other.  
Therefore, diffusion of Sn atoms from these regions during the annealing at 300 °C can lead to 
Sn precipitation with a higher probability for strongly dislocated GeSn layers.  Furthermore, the 
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melted Sn within the precipitates can assist further decomposition of the GeSn layer, as observed 
for sample A4 for which the density of MDs after the growth was ~4 × 105 cm-1.  The appearance 
of segregation spots for sample A3, for which the density of MDs after the growth was ~2 × 105 
cm-1, can be adequately attributed to an inhomogeneous distribution of dislocations within the 
epitaxial layer and their pile-up [91]. 
The preferential pathways for migration of Sn precipitates in the form of melted droplets 
can be qualitatively studied by considering the atomic arrangement of the diamond cubic crystal.  
Due to the different atomic configurations within the different crystallographic planes, the 
density of bonds per surface area that must be broken for the droplet migration also varies for 
different crystallographic directions.  In practice, the density of bonds per surface area can be 
associated with an energy barrier for droplet propagation. 
Figure 4.15 shows the bond configuration for the (001) crystallographic plane, in which 
each lattice point (red sphere) is covalently bonded with two nearest neighbors underneath (blue 
spheres).  The bonds that must be broken to form a new surface are shown with red color.  The 
right-hand side of Figure 4.15 emphasizes the arrangement of the lattice points within the (001) 
plane.  As can be seen, the (001) plane contains only two atoms, since the four atoms at the 
corners of the plane are shared by four neighboring planes and the atom at the center completely 
belongs to the (001) plane.  For each atom in the (001) plane, two bonds must be broken to form 
a new surface.  Therefore, for the (001) plane, the density of broken bonds per unit area can be 










 (Equation 4.5) 
where 𝑁(001)
𝑎𝑡𝑜𝑚𝑠 = 2 is the number of atoms in the (001) plane, 𝑁(001)
𝑏𝑜𝑛𝑑𝑠 = 2 is the number of 
bonds per atom, 𝑆(001) = 𝑎
2 is the surface area of the (001) plane, and 𝑎 is the lattice parameter. 
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Figure 4.15.  The unit cell of a diamond cubic crystal and its (001) plane.  Fractions indicate the 
portions of the lattice points shared by the (001) plane. 
 
The (110) plane in Figure 4.16 contains four atoms, each of which is single-bonded with 
an atom in the nearest plane.  Therefore, for the (110) plane, 𝑁(110)
𝑎𝑡𝑜𝑚𝑠 = 4, 𝑁(110)
𝑏𝑜𝑛𝑑𝑠 = 1, and 
𝑆(110) = √2𝑎
2, which according to Equation 4.5 gives a bond density 𝑛(110) = √8/𝑎
2 ≈ 2.8/𝑎2.  
Ultimately, Figure 4.17 shows the (111) plane of the diamond cubic crystal, which has the 
highest density of lattice points.  However, only three atoms of the (111) plane form single bonds 
with the nearest plane, so that 𝑁(111)
𝑎𝑡𝑜𝑚𝑠 = 3, 𝑁(111)
𝑏𝑜𝑛𝑑𝑠 = 1, and 𝑆(111) = (√3/2)𝑎
2, which results 
in a bond density 𝑛(111) = 2√3/𝑎
2 ≈ 3.5/𝑎2. 
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Figure 4.16.  The unit cell of a diamond cubic crystal and its (110) plane.  Fractions indicate the 
portions of the lattice points shared by the (110) plane. 
 
 
Figure 4.17.  The unit cell of a diamond cubic crystal and its (111) plane.  Fractions indicate the 
portions of the lattice points shared by the (111) plane. 
 
It was concluded that for a diamond cubic crystal the binding energy is the highest across 
the [001] direction.  Therefore, the propagation of the melted droplet should be more easy along 
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the [111] direction and particularly along the [110].  Indeed, migration of droplet precipitates is 
often observed on the surface of GeSn layers, where their trails are predominantly oriented along 
the <110> directions [30].  At the same time, their propagation along [111] can explain the 
droplet migration from the BL region of the GeSn layer toward the surface. 
 
4.4 The effect of annealing treatment on photoluminescence of compressively strained GeSn 
layers 
 
The low density of defects and the high Sn content in GeSn layers are key parameters for 
efficient optoelectronic devices.  At the same time, the large lattice mismatch of about 15% 
between α-Sn and Ge implies an increase of compressive strain with increasing Sn composition 
in GeSn layers grown on Ge substrates.  The compressive strain is released by MDs, which form 
above the critical layer thickness for strain relaxation.  An enhancement of photoluminescence 
properties can be foreseen with the compressive strain relaxation, as this approaches the direct 
conduction Γ valley closer to the indirect conduction L valley.  Practically, this limits carrier 
thermalization from the Γ valley into the indirect conduction L valley, which must enhance the 
recombination intensity [92]. 
The MDs formation is accompanied by an increase in the density of TDs, which 
propagate through the epitaxial layer toward the surface.  Both MDs and TDs are sources of non-
radiative processes that are detrimental to the emission properties.  Therefore, for compressively 
strained GeSn layers with the Sn composition near the indirect-to-direct bandgap transition, the 
photoluminescence efficiency is a tradeoff between the compressive strain relief and the 
densities of structural defects.  Besides, the GeSn layers with high Sn composition are metastable 
alloys, and annealing at temperatures above the eutectic point (231.1 °C) may have a severe 
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impact on their optical properties. 
The photoluminescence characterization study was conducted to describe the effect of 
thermal treatment on the emissive performance of GeSn/Ge heterostructures.  The PL 
measurements were performed at 10 K using a pulsed laser with 1064 nm wavelength for 
samples A1 and A2, and a continuous wave (CW) laser with 532 nm wavelength for sample A3 
to reduce the light penetration depth.  The penetration depth was estimated by considering that 
the absorption coefficient (α) of a GeSn alloy is close to that of bulk Ge.  Accordingly, the 
absorption coefficients for 532 and 1064 nm light are taken as 6.7 × 105 cm-1 and 1.9 × 103 cm-1, 
respectively [93].  Hence, the intensity of 532 and 1064 nm light drops to 36% at about 15 nm 
and 5 μm below the sample surface, respectively.  Therefore, the PL spectra for sample A3 are 
representative of only the subsurface GL region of the GeSn layer, while the different Sn 
composition BL region does not contribute to the PL emission.  Sample A4 was not considered 
for PL investigation due to the strong Sn outdiffusion from the GeSn layer after the annealing 
procedure. 
The PL spectra for samples A1, A2, and A3 before and after annealing are shown in 
Figure 4.18.  For samples A1 (Figure. 4.18b) and A3 (Figure 4.18c), the photoluminescence was 
dominated by a low-energy peak LHH, which for an indirect bandgap GeSn alloy corresponds to 
the recombination of conduction band electrons at the L point with the valence band heavy holes 
(HH) [94].  It is well known that the compressive strain in the GeSn layers splits the degeneracy 
of the valence bands so that the heavy hole (HH) band with the larger density of states is above 
the light hole (LH) band [95].  For samples A1 and A3, the LHH peaks are seen at 0.63 and 0.56 
eV, respectively.  For sample A3, the lower bandgap energy (energy position of the LHH peak) 
seemingly corresponds to the higher Sn content and lower compressive strain in the GL region of 
89 
the GeSn layer (Figure 4.12). 
The ГHH peak at higher energies on the PL spectra of samples A1 and A3 was attributed 
to the recombination of conduction band electrons at the Γ point with the valence band heavy 
holes.  The ГHH peak is not seen for sample A2 due to the low integral PL for this sample so that 
the ГHH peak height must be comparable with the background intensity.  It should be noted that 
the PL signal for sample A3 was acquired by focusing the laser spot on the surface area that was 
not affected by the segregation spots. 
 
 
Figure 4.18.  The PL spectra from the GeSn layers of samples A2 (a), A1 (b), and A3 (c) 
measured at 10 K before and after annealing. 
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For all samples, the evolution of PL intensity with time is compared in Figure 4.19, 
where the integral PL was calculated as the area under the peak.  In particular, the PL from the 
GeSn layer of sample A1 has a stronger PL emission before the annealing treatment and a 
decrease of the PL intensity with the increasing annealing time.  In contrast, a slight increase of 
the integral PL with increasing annealing time is seen for sample A2, and a remarkable 
enhancement of PL emission is observed for sample A3.  The dissimilar behavior of PL emission 
for samples A1, A2, and A3 was attributed to an increase of bandgap directness (decreasing 
energy separation ΔE between the LHH and ГHH peaks), as dictated by the Sn content and 
compressive strain relaxation in the GeSn layers. 
 
 
Figure 4.19.  The evolution of integral PL intensity of samples A1, A2, and A3 as a function of 
annealing time. 
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The magnitude of peak separation, ΔE, was determined for samples A1 and A3 after each 
annealing cycle by fitting the PL spectra with two Gaussian functions.  For example, the 
deconvoluted PL spectra into Gaussian components are shown in Figure 4.20 for the as-grown 
samples A1 and A3. 
 
 
Figure 4.20.  The measured (symbol) and fitted (line) PL spectra from the GeSn layers of as-
grown samples A1 (a) and A3 (b). 
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Figure 4.21 shows the evolution of energy separation between the LHH and ГHH peaks on 
the PL spectra of samples A1 and A3 as a function of annealing time.  As can be seen, the 
magnitude of ΔE is larger for sample A1, which indicates a more indirect bandgap GeSn layer 
for this sample.  The larger ΔE for sample A1 corresponds to the relatively low Sn composition 
of 7.8 at. % and the larger compressive strain (Figure 4.12) in the GeSn BL of this sample as 
compared with the GeSn GL of sample A3.  The magnitude of ΔE decreased after four and two 
hours of annealing for sample A1 and A3, respectively, while annealing for longer periods did 




Figure 4.21.  The energy separation between the conduction band minima at Г and L points as a 
function of annealing time.  Inset shows the schematic illustration of the energy band diagram for 
an indirect bandgap GeSn semiconductor. 
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This decrease of ΔE additionally indicated that the previously assigned LHH and ГHH 
peaks on the measured PL spectra in Figure 4.18 indeed correspond to indirect and direct 
interband transitions, respectively, since the conduction band minimum at the Г point decreases 
faster with the compressive strain relaxation than that at the L point [2]. 
According to Figure 4.21 and Figure 4.19, the magnitude of ΔE and the integral PL are 
strongly correlated.  Therefore, considering the similar compressive strain in the GeSn layers of 
samples A1 and A2, as well as the higher Sn content in the GeSn layer of sample A2, one may 
expect even a smaller ΔE and, thus, a stronger PL signal for sample A2 in comparison with that 
of sample A1.  However, the GeSn layer of sample A2 was of poorer optical quality due to the 
higher density of misfit dislocations, which could be the reason for the low integral PL for this 
sample (Figure 4.19). 
On the other hand, the PL intensity for sample A3 was strongly enhanced despite the 
higher density of dislocations (~2 × 105 cm-1).  Therefore, the overall PL from the GeSn layers 
can be understood as a net result related to the non-radiative processes due to defects and the 
radiative interband transitions.  Moreover, an increased fraction of direct interband transitions 
with the decreasing energy separation, ΔE, can be seen in Figure 4.22a, which shows the ratio 
between the intensities of the ГHH and LHH peaks on each PL spectrum.  This additionally was 
considered to explain the stronger integral PL for sample A3. 
Figure 4.22b shows a schematic model of indirect bandgap GeSn semiconductors with 
different energy separation, ΔE, between the L and Γ valleys of the conduction band.  It shows 
that in the case of a larger ΔE, the photoexcited electrons are mostly thermalized in the L valley 
since the highest occupied electronic states in the L valley lie below the Г valley minimum 
(Figure 4.22c).  However, with the decreasing magnitude of ΔE, a larger fraction of photoexcited 
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electrons can occupy electronic states near the Γ minimum if the states in the L valley that are 
lower than the Г valley are occupied (Figure 4.22b) [96].  Accordingly, the direct interband 
transitions with the decrease of bandgap energy were concluded responsible for the stronger PL 
of sample A3. 
 
 
Figure 4.22.  The intensity ratio between the ГHH and LHH peaks as a function of energy 
separation ΔE (a) and the schematic band structure of samples A3 (b) and A1 (c).  The dashed 
line shows the highest occupied electronic state in the L valley. 
 
Figure 4.22b and 4.22c schematically show that the decrease of compressive strain brings 
the LH band closer to the HH band [95], which is similar to the decrease of ΔE in Figure 4.21.  
Thus, for an indirect bandgap GeSn layer, the splitting of the PL spectra into two peaks (Figure 
4.18) can also be attributed to the energy difference between the L valley of the conduction band 
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and the valence HH and LH bands.  Nonetheless, the occurrence of both L-HH and L-LH 





In conclusion, the structural stability of the GeSn layers during temperature annealing at 
300 °C was correlated with the density of misfit/threading dislocations.  It was shown that the 
magnitude of compressive strain in the GeSn layers decreased by a factor of two after the 
annealing for four hours, with no effect on the strain state after more prolonged temperature 
treatment.  The strain relaxation behavior was explained by the elongation of pre-existing MDs 
in the GeSn layers.  Moreover, the density of pre-existing dislocations was correlated with the 
onset of Sn precipitation, which corresponded to a critical MD density of ~2 × 105 cm-1.  
According to these results, it was concluded that the thermal stability of GeSn layers can be 
improved by lowering the lattice mismatch between the epitaxial layer and the underlying 
substrate to reduce the density of dislocations. 
A compromise between the increasing density of defects and the decreasing L-Γ energy 
separation (ΔE) during the annealing was shown to determine the emission properties of indirect 
bandgap GeSn layers.  Particularly, a higher integral PL was shown for the GeSn layers with a 
smaller ΔE, for which the PL intensity was significantly enhanced after the annealing due to an 
increased fraction of direct interband transitions.  In contrast, a decrease of PL intensity was 
observed after the annealing of the GeSn layers with a larger ΔE, for which the indirect interband 
transitions were dominating. 
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Chapter 5: Conclusion and outlook 
 
In this dissertation, the thermal stability, structural, and optical properties of the 
GeSn/Ge/Si(001) heterostructures were investigated by XRD, PL, AFM, EDX, SIMS, Raman 
spectroscopy, and x-ray diffraction simulations. 
Simulations of x-ray diffuse scattering from the GeSn layers were exploited for rapid and 
accurate determination of the Sn composition, strain state, and density of misfit dislocations in 
each region of the GeSn layer.  It was shown that the Sn incorporation during the growth of the 
GeSn layer is suppressed due to the built-in compressive strain.  A spontaneous enhancement of 
Sn incorporation in the thick GeSn layers was attributed to the onset of compressive strain 
relaxation when the epitaxial layer thickness is above the critical thickness for strain relaxation.  
Accordingly, the GeSn layers that are grown on Ge substrates typically display three regions 
with distinct Sn composition that correspond to the transition from a fully strained to a 
completely strain relaxed layer.  The Sn composition determined from XRD calculations was in 
good agreement with the experimental data obtained from SIMS measurements. 
The thermal stability of the GeSn/Ge heterostructures was studied by annealing the 
samples under vacuum conditions at 300 °C for two, four, and eight hours.  The thermal 
treatment of the GeSn layers revealed a close connection between the density of pre-existing 
dislocations in the GeSn layer and the Sn segregation during the annealing.  It was shown that 
the Sn segregation in a dislocated GeSn layer occurs at lower temperatures than for a sample 
with relatively less defects, which led to a conclusion that the activation energy for Sn diffusion 
in the presence of dislocations is also lower.  A critical density of misfit dislocations of about 2 × 
105 cm-1 was correlated with the onset of Sn segregation.  It was suggested that the 
misfit/threading dislocations in the GeSn layers act as preferential sites for Sn gathering during 
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the layer growth.  Accordingly, the increase of the density of dislocations was translated into a 
higher density of sites with elevated Sn content, which during the annealing facilitates the 
formation of melted Sn droplets.  The melted Sn was held responsible for the GeSn layer 
decomposition. 
The suggested strategies for improving the thermal stability of the GeSn layers imply a 
reduction of the densities of dislocations by the deposition of the GeSn layers on substrates with 
lower lattice mismatch such as on InGaAs.  Alternatively, a high melting point Ge layer can be 
introduced during the growth of the GeSn layer to separate the GeSn regions with high and low 
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Appendix A: Description of Research for Popular Publication 
 
Estimation of chemical composition and deformation at nanoscale 
 
At present days, silicon is the key element for most electronic devices, partly owing to its 
semiconducting properties and the fact that silicon is the second most abundant element on the 
Earth’s crust.  Over the years silicon technology was advancing at a fast pace, which ultimately 
resulted in low-cost manufacturing and affordable electronics.  At the same time, silicon exhibits 
poor optical properties that hinder its prospects for active photonic devices, which include light 
emitting and sensing applications.  There are many other materials with excellent optical 
properties.  For example, such materials as gallium arsenide (GaAs), gallium phosphide (GaP), 
as well as their alloys, have been extensively used for light-emitting applications.  Nonetheless, 
their integration with silicon electronics is cumbersome since these are chemically dissimilar 
materials. 
From the point of view of electron configuration, germanium and tin are similar to 
silicon.  Moreover, the addition of Sn atoms into germanium crystal was shown to result in alloys 
with improved optical properties.  Accordingly, the optoelectronic devices based on Si, Ge, and 
Sn can be monolithically integrated.  In particular, these are suitable for photonic devices 
operating in the mid-infrared spectral region. 
Nowadays, optoelectronics is based on harnessing the properties that occur in materials 
of nanoscale dimensions, which practically allows tunable mechanical, optical, and electronic 
properties as a function of size.  Therefore, developing techniques for nanostructural analysis is 
indispensable for material growth and device fabrication. 
X-ray diffraction is an established technique for rapid and non-destructive structural 
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characterization of crystalline materials and was used in this work extensively.  X-rays are high-
energy light with a wavelength of the order on the distance between the atoms in a solid.   
Accordingly, X-ray diffraction unambiguously provides the atomic distances.  Moreover, since 
the atomic distance is proportional to the atomic radius and the applied strain, X-ray diffraction 
analysis additionally delivers precise information about the chemical composition and the strain 
state of an alloy.  Therefore, in this dissertation X-ray diffraction methods were applied to study 
the incorporation of Sn into compressively strained GeSn alloys as well as their structural 
stability during the thermal treatment, which is important from the point of view of material 
growth and device processing. 
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Appendix B: Executive Summary of Newly Created Intellectual Property 
 
Germanium-tin alloys with the Sn content above 8 at. % were extensively studied as 
prospective quasi direct bandgap semiconductors for optoelectronics on Si substrate.  The 
bandgap directness of GeSn was tightly correlated to the alloy composition and the strain state, 
which has an ultimate effect on the optical properties.  The structural stability of GeSn under 
annealing treatment was correlated with the Sn segregation, strain relaxation, and the density of 
defects.  The major results obtained in the course of this research are summarized below. 
1. Experimental and theoretical X-ray diffraction analysis was demonstrated as a precise 
and non-destructive technique for the rapid assessment of the chemical composition, 
strain state, and density of defects in GeSn alloys. 
2. The suppressed Sn incorporation in the GeSn layers during the epitaxial growth on Ge 
was quantitatively correlated to the built-in compressive strain. 
3. The structural stability of the GeSn layer under thermal treatment was quantitatively 
correlated with the density of misfit/threading dislocations.  A critical density of misfit 
dislocations of 2 × 105 cm-1 was found responsible for the onset of Sn segregation. 
4. It was shown that the annealing treatment of compressively strained indirect bandgap 
GeSn layers results in a more enhanced photoluminescence emission for the GeSn layers 
with a lower L to Г energy separation. 
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Appendix C: Potential Patent and Commercialization Aspects of Listed Intellectual Property 
Items 
 
C.1 Patentability of Intellectual Property 
 
The four items listed were considered first from the perspective of whether or not the 
item could be patented. 
1. The X-ray diffraction method developed in this research to measure the chemical 
composition, strain state, and density of misfit dislocations in the GeSn/Ge/Si(001) 
heterostructures cannot be patented since it is well known and extensively used for 
other material systems. 
2. The effect of suppressed Sn incorporation in the GeSn layers during the epitaxial 
growth cannot be patented because it occurs naturally and is not an invention. 
3. The discussed role of misfit/threading dislocations on structural stability of the GeSn 
layer under thermal treatment cannot be patented as a phenomenom. 
4. The correlation of annealing treatment of compressively strained indirect bandgap 
GeSn layers with the enhanced photoluminescence emission is also a naturally 
occurring phenomenon that cannot be patented.  A process based on the demonstrated 
phenomenon is yet to be developed. 
 
C.2 Commercialization Prospects 
 
The four items listed were then considered from the perspective of whether or not the 
item should be patented. 
1. The X-ray diffraction method developed in this research should not be patented since 
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C.3 Possible Prior Disclosure of IP 
 
The following items have published information that could impact the patentability of the 
listed IP. 
1. This X-ray diffraction method developed in this research to measure the chemical 
composition, strain state, and density of misfit dislocations in the GeSn/Ge/Si(001) 
heterostructures was published in: 
H. Stanchu, A. V Kuchuk, Y. I. Mazur, J. Margetis, J. Tolle, J. Richter, S.-Q. Yu, and 
G. J. Salamo, “X-ray diffraction study of strain relaxation, spontaneous compositional 
gradient, and dislocation density in GeSn/Ge/Si(100) heterostructures,” Semicond. 
Sci. Technol., vol. 35, no. 7, p. 075009, Jul. 2020, doi: 10.1088/1361-6641/ab883c. 
2. The effect of suppressed Sn incorporation in the GeSn layers during the epitaxial 
growth was published in: 
H. V. Stanchu, A. V. Kuchuk, Y. I. Mazur, J. Margetis, J. Tolle, S.-Q. Yu, and G. J. 
Salamo, “Strain suppressed Sn incorporation in GeSn epitaxially grown on 
Ge/Si(001) substrate,” Appl. Phys. Lett., vol. 116, no. 23, p. 232101, Jun. 2020, doi: 
10.1063/5.0011842. 
3. The role of misfit/threading dislocations on structural stability of the GeSn layer 
under thermal treatment was published in: 
H. V Stanchu, A. V Kuchuk, Y. I. Mazur, K. Pandey, F. M. de Oliveira, M. 
Benamara, M. D. Teodoro, S.-Q. Yu, and G. J. Salamo, “Quantitative Correlation 
Study of Dislocation Generation, Strain Relief, and Sn Outdiffusion in Thermally 
Annealed GeSn Epilayers,” Cryst. Growth Des., vol. 21, no. 3, p. 1666-1673, Jan. 
2021, doi: 10.1021/acs.cgd.0c01525. 
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Appendix F: Identification of All Software Used in Research and Dissertation Generation 
 
Computer #1: 
Model Number: Dell Optiplex 9010 
Serial Number: 7038090 
Location: NANO213B 
Owner: Hryhorii Stanchu 
Software #1:  
Name: Microsoft Office 365 
Purchased by: University of Arkansas Site License 
Software #2:  
Name: Matlab R2018b 
Purchased by: University of Arkansas Site License 
Software #3:  
Name: 3ds Max 2019 
Purchased by: University of Arkansas Site License 
Software #4: 
Name: Vesta ver. 3.5.2 
Purchased by: free of charge 
Software #5: 
Name: Mendeley Desktop ver. 1.19.4 
Purchased by: free of charge 
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